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FOREWORD 


The  Segmented  Sphere  Pressure  Vassal  Study  is  a  declgn  feaei- 
bility  «vm.' nation  conducted  by  the  Missiles  and  Space  Division  * 
Texas  (MSD-T  ) ,  LrV  Aerospace  Corporation  under  u5AF  Contract  Ho. 

PO  4611-67 -C-0040.  This  work  was  performed  for  the  Air  Parcs  Rockat 
Propulsion  laboratory ,  Edward  Air  force  Base,  California  under  the 
direction  of  Mr.  Charles  H.  Richard,  AFRPL  Project  Engineer. 

This  report  documents  analyses,  dar..t  jn  procedures,  an d  study 
results  obtained  through  completion  of  the  Phese  I  -  Analysis  and 
Design  portion  of  the  study  program.  Continuation  effort  under 
this  program  will  Include  Fha^e  II  -  Pressure  Vassal  fabrication 
and  Phase  III  -  Verification  Testing  and  Performance  Evaluation 

Grateful  acknowledgment  is  given  for  the  many  Important  con¬ 
tributions  to  this  study  by  ths  following  MSD-T  personnel:  P.  M. 
Kenner  and  L.  3.  Howell  far  progressing  end  evaluating  the  digital 
computer  solutions;  C.  E.  R crick  for  aster  1*1  procsss  and  welding 
consultation;  H.  T.  Armstrong  for  explosive  forming  assistance; 

C.  M.  Bailey,  A.  K.  Kerekes,  and  J.  D.  Vaught  for  planning  and  ex¬ 
pediting  Manufacturing  operations;  and  T.  D.  Holley  for  reduction 
end  preparation  of  Engineering  data. 

Thla  report  has  been  reviewed  and  la  approved. 


Charles  H.  Richard 
AFRPL  Project  Engineer 
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Two  me  hods  of  structurally  analysing  segmented  sphere  pressure 
vessels  were  developed.  The  metho d  referred  to  as  "ASC,"  defines 
design  features  to  provide  a  membrane  stress  state  In  any  eeg mented 
sphere  system,  The  eecund  method  adapts  a  digital  computer  routine 
"PETS"  to  solutions  of  the  general  stress-strain  quatlons,  The 
reaulta  of  the  more  rigorous  but  cumbersome  computer  solutions 
served  to  validate  the  AND  method  an  a  single  arid  accurate  design 
procedure.  Prooeaa  development  studieu  and  fabrication  tri._ta 
auceeded  in  demonstrating  good  produclbillty  for  longitudinally 
symmetric  and  toroidal  systems .  However,  manufacture  of  systems 
employing  segments  of  mixed  diameter  was  complicated  by  inability 
to  utilise  the  standard  ahel.1  module  scheme  ne*d  in  the  ■■  ns  taut 
dle«M»+-r  systems.  Pressure  teste  on  full  scale  veaaela  indicate 
actual  stress -strain  conditions  are  in  eoufor&auuw  -ILL  r-evorans 
theory.  A  design  criteria  was  developed  by  parametric  exercises 
with  mathematical  models.  This  criteria  shows  effects  and  interactions 
of  the  many  design  variables.  Dimensioning  formulas  ere  explained  and 
demonstrated  by  example  problems. 
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1.  BACKGROUND 
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Tb*  segmented  sphere  pressure  vessel  concept,  treated  in  tble  study, 
was  conceived  to  mathematical  models  (Rererenco  i).  Engineering  principles 
basic  to  the  concept  bad  been  validated  by  laboratory  tests  conducted  on 
small  scale  vessels  (Reference  2).  Weight  saving  potentialities  were  shown 
as  derivable  from  three  unique  features.  These  are:  spheric  geometry  for 
all  structural  modules,  composite  material  construction  utilising  high 
strength  filament  wound  bands,  and  optimised  band  preload*.  In  addition, 
shape  versatility  features  a  vide  choice  of  segsent  slses  Integrated  in 
shapes  for  best  use  of  available  installation  space.  In  addition  to  in¬ 
trinsic  attributes  of  the  segmented  sphere  vessel,  significant  weight  and 
reliability  advantages  are  to  be  expected  by  elimination  of  inter -connections 
Joining  an  equivalent  cluster  of  separate  vessels . 

2.  OBJECTIVES 


This  study  is  e  feasibility  evaluation  of  seemented  scheme  preemiro 
vessel  designs  at  the  technical  level  of  applied  research.  Objectives  are 
to  demonstrate  methods  of  designing  full  scale  high  performance  hardware  and 
achievement  of  good  producibility  features,  structural  integrity  and  perform¬ 
ance  advantages  far  Aerospace  Systems.  Towards  this  end,  requirements  vers 
foreseen  for  development  of  advanced  38PV  analyses  techniques  during  this 
study  as  well  as  innovation  in  manufacturing  methods  and  processes.  Engi¬ 
neering  models  were  planned  as  the  proving  ground  far  theory  and  processes. 
Complimentary  to  the  evaluation  results  of  the  engineering  models  a  Design 


CV4-fai*4m  tram 


CBte 


T4-e  «eiw««ase 


Is  to  provide  design  aides  in  the  Jam  of  analyses  procedures  and  data  graphs. 


9TUW  APPROACH 


A  program  plan  was  prepared  in  Phase  I  which  brake  each  major  work 
category  into  detail  task  descriptions,  presorted  schedules  and  assigned 
departmental  responsibilities.  Major  work  categories  were: 

o  Evaluation  of  materials, 
o  Development  of  analytical  methods, 
o  Development  tests, 
o  Design  of  engineering  models, 
o  Development  of  manufacturing  processes  and  tools, 
o  Fabrication  of  engineering  modele, 
o  Assessment  of  manufacturing  problmes, 
o  Test  and  evaluation  of  engineering  models, 
o  Detail  design  vessels  for  fabrication  in  Phase  XI, 
o  Design  Criteria, 
o  ftw.se  XI  Manufacturing  Plan, 
o  Phase  XXI  Test  Plan. 


1.  MATERIAL  CCHSHWUXJOSfc 


aacrioa  n 

EKSIOW  agUCTICW 


Maximal  ptrfcnwic*  hardware  w»i  not  require  of  this  prograa.  Rath sr, 
th«  selected  Materials  and  designs  should  permit  nirl  igrTiM  asses sent  of 
design  theory  and  98PV  produclblllty ,  It  was  important  to  Mlict  material 
which  would  entail  alnlaua  risk  to  completion  of  Aestgc  evaluation* .  How¬ 
ever,  tha  added  information  to  ba  ^lned  by  <1  amenst  rat  lag  nlr Iasi  weight 
designs  was  appreciated  and  bald  aa  a  c on*  1  deration  in  the  formative  design 
at age. 


The  aaana  of  select Inc  suitable  shell  and  band  Materials  le  clear  when 
based  solely  on  aster iel  factors,  such  aa:  availability,  mathematical  aodel 
ratings,  coat,  ate.  However,  suitability  1*  a  acre  comprehensive  ter*. 
Whether  a  Material  was  or  was  not  suitable  was  dependant  upon  design  details 
of  the  shall  which  In  turn  waa  subject  to  foraabtlity  and  produclblllty 
tradeoffs. 

It  waa  aasantlal  that  analyses  be  aada  with  shall  aaterlal  stress  allow¬ 
able*  sad  maximum  elongations  based  on  1:1  biaxial  tens  11s  load  conditions. 
Applied  values  sure  given  In  Table  I. 

3-901  glass  waa  the  only  filament  aaterlal  considered  for  hardware. 

This  selection  was  tasked  an  prellsdnary  Mathematical  aodel  data  end  avail¬ 
ability  considerations .  However,  all  feasible  fllaaent  Materials,  given 
la  Table  II,  were  Included  in  the  Design  Criteria  studies. 

2.  nCBIOH  CCHStDERATXCVS 

?•  Engineering  Model  Criteria 

Make  or  buy  decision  an  caKpooents  far  engineering  aodel*  was 
planned  far  the  Phase  I  preliminary  design  studies. 

Spherical  component  sines  of  12  inch  diameter  and  17-18  Inch 
diameter  were  selected  because  these  dimensions  braemstvd  »»■  frequently 
listed  by  pressure  vessel  vendors. 

A  design  operating  pressure  of  1500  pal  was  selected  in  conjunc¬ 
tion  with  a  design  burst  factor  of  2.25 •  These  values  evolved  from  the 
corresponding  design  buret  pressure  of  3375  P*i  which  required  wall  thick¬ 
nesses  based  on  strength  to  be  in  agreement  with  standard  thicknesses  of 
sheet  for  several  candidate  shall  arterial* . 

In  the  design  of  conventional  pressure  vessels,  the  Design  Proof 
Fact**  seMcm  govern*  In  siting  the  structure  because  yield  stress  at 
today's  high  strength  aetals  Is  very  near  their  ultimate  stress.  However, 
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Id  8SFV  design  the  ratio  of  design  proof  factor  to  design  burst  factor 
doas  enter  into  the  analyse*.  Xt  occur*  la  tbs  optimisation  of  fllamsnt 
band  dimension*  and  preload .  Since  pressure  vyual  proof  factor  criteria 
varies  between  agencies  and  vehicle*  this  38  PV  criteria  1*  purposely  un¬ 
specific  an  that  requlrssmm. .  Instead,  a  range  of  0.5  to  0.666  1*  applied 
as  the  ratio  of  design  proof  to  design  burst  loads. 

An  additional  83FV  criterion.  In  favor  of  el  nisei  weight  band  , 
permit*  strains  at  proof  pressure  In  the  shall  aaterlal  underlying  tbs 
band  to  differ  from  other  locations  and  to  approach  yield . 

Design  burst  pressure  is  usually  the  critical  load  condition  and 
at  this  preasure  it  is  desirable  to  design  for  Identical  shall  stress  at 
all  locations.  Membrane  condition  at  burst  Is  applied  as  a  third  criterion 
to  assure  minima  stress  amplification  from  secondary  bending  et  the  cri¬ 
tical  loading. 

b.  Efficiency  of  Composite  Structure 

The  mathematical  nodal,  described  in  detail  in  Section  VII,  para¬ 
graph  2.0,  was  applied  in  e  preliminary  evaluation  of  candidate  materials. 
Design  peresarters  were  based  on  the  previously  described  engineering  models. 
Figure  1  provides  comparison  of  pressure  vessel  efficiency  indices  for 
several  shell  materials  reinforced  by  either  S~9CB.flber  glees  or  boron  flle- 
msnts.  In  ell  such  date,  the  term  "welded1  mahes  distinction  bet*"'*-  a  con¬ 
tinuous  shell  and  shell  components  welded  circumferentially  et  the  vocation 
of  the  f llssunt  bend.  Reductions  la  -*’r4—“  shell  plastic  strain  due  to 
weldii^  requires  an  increase  In  ring  stiffness  for  strain  compatibility  of 
the  composite  structure.  Figure  1  shows  that  titaniisa  shell  designs,  with 
boron  or  3-901  fllamsnt  reinforcement  ere  significantly  degraded  by  e  weld 
joint  underlying  the  band.  ^3h0  steel  beat  treated  to  ?30  ksl  is  slightly 
less  efficient  than  annealed  6AIAV  titanium  In  combination  with  either  band 
material. 


c .  Ductility  Requirements  of  Shell  Material 

Table  III  summarise*  published  fracture  toughness  data  on  candidate 
shell  materials.  The  index  (Kci/*i)  indicates  maxima  percentage  of  ulti¬ 
mate  tensile  strength  far  design  of  pressure  shells  having  a  reasonable  tol¬ 
erance  to  creek  like  flaws.  Annealed  oaieV  titanium,  201»-T6  aiHBigate  sad 
301  stainless  steel  appears  to  offer  low  risk  of  premature  structural 
failure  for  pressure  shells  working  near  material  ultimate  tensile  stress 
conditions . 

d.  Material  Availability 

A  preliminary  survey  on  availability  of  sheet  stock  in  the  thick¬ 
ness  range  of  .050  to  .100  laches  indicated  all  materials  except  aaraglng 
steel  could  be  delivered  within  2  to  3  weeks  from  date  of  order.  Marmging 
steal  sheet  requi  .*ed  mill  order  with  e  9  to  12  week  delivery  time . 
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TABU  '  MATRIX  OF  MATERIAL  AWt>  CZ'HxrTlUY  PARAMfTE 
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Inquiries  vtr»  made  to  four  prominent  pressure  vessel  vendors  oc 
time  end  cost  of  supplying  hsert  spheres  or  welded  spherical  vessels  in  a 
slse  near  12  find  18  Inch  disasters.  Exact  dimension*  were  left  opts  to 
the  vendor  for  adaptation  of  exist lz«  tooling.  All  vendors  declined  bidding 
on  delivery  of  disansioned  heal  spheres .  Only  one  vendor  indicated  an  in¬ 
terest  in  manufacturing  spherical  vessels  to  customer  drawee. 

Inquiries  were  also  made  to  vendors  on  supplying  forged  heaispberes. 
Such  forging*  would  be  issrhlned  to  thin  shells  at  MSD-T .  Again  exact  linen 
ulons  of  forgings  were  to  be  decided  by  existing  vendor  tooling  in  the  12  to 
18  inch  11  see  ter  range.  One  vendor  ends  an  acceptable  tine  cost  quote  on 
the  basis  of  available  tooling.  However,  in  follow  up  to  consulate  a  fire 
bid  this  vendor  escalated  delivery  tlae  and  costs  beyond  the  scope  of  this 
study.  The  choice  of  buying  caxponants  was  reduced  to  possible  procurement 
of  welded  spheres  from  one  vendor. 

e .  Modular  Design 

IXurlng  a  preliminary  design  study,  nodules  In  the  fora  of  purchased 
spherical  vessels  was  considered  undesirable  due  to  the  need  of  cutting 
equator  welds,  fabricating  a  node  Joint  and  rewelding  equators  in  the  pro¬ 
cess  of  asseatollng  Phase  II  SSPV  systems. 

Design  requiring  circumferential  weld  Joints  at  the  node  location 
caused  low  pressure  vessel  efficiencies.  It  then  became  certain  that  new 
design  of  shell  components  was  Justified  and  produdblllty  would  be  greatest 
by  employing  basic  shell  modules.  An  hour  glass  module  was  attractive  since 
the  node  would  be  pert  of  the  integral  shell.  Also,  the  same  nodule  could 
be  tr limed  to  assemble  both  in-line  and  toroidal  systems. 

f .  Design  Study  Parameters 

Tables  I  and  IV  present  the  independent  variables  pertinent  to 
parametric  study  of  SSPV  designs.  This  data  Includes  the  particular  values 
pertinent  to  the  selection  of  materials  and  geometry  far  study  hardware. 

The  matrix  of  Table  I  defines  the  Design  Criteria  variations  in 
materials,  geometry  and  load. 

Table  IV  identifies  dimension  parameters  which  oust  be  optimized 
to  achieve  a  pure  membrane  stress  state  in  the  shells. 

3 .  MAMUKACTURIBO  CCWSMERATICHS 

a.  Fcraabllity 

A  review  of  previous  MSD-T  faraeblllty  studies  showed  candidate 
materials  (Reference  Table  I)  were  acceptable  for  SSPV  fabrication.  A 
ranking  of  materials  in  the  expected  order  of  increased  forming  diffi¬ 
culty  was: 
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TABLE  IV  MATRIX  OP  DIMENSION  PARAMETERS 


PHASE  II  DESIGNS  (1) 

PARAMETRIC  STUDY 

CLASS  1  -  II 

CLASS  III 

MATERIAL 
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y/ 
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STEEL 

yj 

y/ 

LOAD 

RANGE 

-ELASTIC  _ 

•y 
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vsEtammm 

■  ■ 

■  ■ 

GEOMETRY 
r/R,  Y/R 

GENERAL 
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ARBITRARY 

✓ 

OPTIMUM 

%/ 

SHELL  LOAD 
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GENERAL 

y/ 

SPECIFIC 

>/ 
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?AND  LOAD 
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Ab.  FO 

GENERAL 

RANGE  GIVEN  IN  TABLE  III 

OPTIMUM 

y/ 

yf 

NOTES: 


(1)  PHASE  II  DESIGN  CONFIGURATIONS  ARE  PRESENTED 
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o  301  stainless  itMl 
o  17*7  PH  stainless  itMl 
o  Mr  «flDg  Steal 
o  2ulk  aluminum  alloy 
o  kjko  steel 
o  E-ll  tool  steel 
o  6AL-4V  tltar  \m  alloy 

301  stainless  was  the  most  ductile  but  was  least  desirable  because 
the  high  strength  phase  required  cold  working  after  assesfely.  Titanium  was 
rated  Most  difficult  because  prior  K3D-T  experience  in  forming  6AJL-4V  alloy 
hsMl spherical  pressure  shells  (Reference  3)  established  a  need  to  work  the 
Material  at  temperatures  shore  900*F.  Also,  LTV  explosive  forming  studies 
showed  6AL-W  titanium  to  be  a  difficult  to  work  Material  due  to  the  ratio 
of  yield  to  ultlaate  stresses  near  unity.  This  caused  springbuck  and  a 
susceptibility  to  rupture. 

Considered  forming  processes  relevant  to  metal  parte  were  ranked 
In  the  order  of  increasing  risk  as  follows: 

Hemispheres 

o  Machine  from  forged  hemispheres 
o  Draw  fans 

o  Shear  team  frost  pancake  forging 
Cylindrical  Blank  for  Modal  Shell 
o  Extrude 

o  Rolled  sear  ''lined  sheet  by  solid  state  bonding  or 
fusicr  -jEf 

o  Shear  form  freu  pierced  forging 
Modal  Shell 


o  Expand  to  femalr  «  by  explosive  farming 
o  Reduce  to  sale  axe  by  shear  forming 
o  Reduce  to  male  die  by  capacitor  discharge 
o  Stretch  form  segments  at  circle  and  seam  weld. 

Shear  farming  was  considered  undesirable  due  to  prior  experience 
wherein  extensive  tine  and  Materials  were  required  to  develop  critical  con¬ 
trols  unique  to  each  design.  In  addition,  a  60  day  procuresmiit  tins  for 
special  pancake  pierced  forgings  was  unacceptable  because  possible 
forging  changes  during  part  development  would  require  reorders. 

Extrusion  of  cylindrical  blanks  was  investigated  an  l  found  attrac¬ 
tive  for  aluminum  and  titanium  Materials.  However,  a  six  Month  delay  en¬ 
tailing  development  of  special  extrusion  dies  aade  the  process  unsuitable 
for  this  program. 
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deduction  of  cylinder  dlMwttr,  at  the  nodal  section,  by  sheer 
rooming  on  a  nos  die  was  considered.  This  method  entailed  s  high  nek 
of  metal  fatigue  because  of  tendency  to  chase  s  compression  wave  ahead 
of  title  fcrmisig  rolls. 


Reduction  of  cylinders  by  high  energy  f arming  through  capacitor 
discharge  appeared  well  suited  vo  the  desired  nodal  shape.  However,  the 
process  was  not  currently  available  a a  a  reedy  production  Method. 

Machining  hemispheres  from  forgings  was  recognised  as  a  low  risk 
method  primarily  suited  to  small  production  quantities,  contingent  upon 
existence  of  suitable  forging  dies.  Vendors  with  existing  tools  in  the  12 
and  id  inch  diameter  range  could  not  be  found. 


Solid  state  bonding  of  rolled  sheet  was  attractive  but  required 
development  expenditures  beyond  the  scope  of  this  study.  Fusion  welding 
could  be  applied  as  a  fore -runner  of  solid  state  bonding. 

The  above  considerations  eliminated  all  but  the  following: 

o  Draw  form  hemispheres 
o  Roll  and  seen  weld  cylindrical  blanks 
o  Explosive  farm  nodal  shell  for  CIass  II 
o  Draw  form  circular  segments  of  the  nodal  band  far  Class 
III  and  seam  weld. 

b.  Material  Weldability 

Considered  fusion  welding  methods  were  Hand  TIG,  Automatic  Machine 
TIG  and  Electron  Beam  Welding.  A  single  preference  for  a  candidate  shell 
material  could  not  be  decided  on  the  beats  of  weldability.  MSD-T's  success¬ 
ful  experience  with  all  of  the  materials  has  shown  need  for  equally 
stringent  process  control  and  inspection  procedures. 


Solid  state  or  diffusion  bonding  was  investigated  both  for  study 
hardware  and  future  3SFV  production.  Investigation  of  vendor  sources  far 
electron  boss  service  led  to  the  conclusion  that  application  to  53FY  designs 
was  feasible.  However,  necessary  development  of  special  equipment  and  ex¬ 
perimentation  to  optimise  time -temperature -pressure  relation  placed  the  pro¬ 
cess  in  applied  research  and  beyond  the  schedule  and  cost  allowances  of  this 
study.  The  press ct  state-of-the-art  does  Justify  retention  of  the  process 
in  production  plans  for  maximal  performance  33 PV  designs.  With  this  long 
range  objective  in  mind,  6AL-4V  titanium  becomes  singularly  attractive  be¬ 
cause  of  its  low  temperature  response  to  solid  state  bonding. 


c.  Tooling  Considerations 

Regarding  farming  of  shell  components  by  shear  forming,  draw  farm¬ 
ing  and.  explosive  forming,  all  pertinent  tooling  was  ordinary  to  I6D-T  tool 
design  fabrication  activities.  Shear  fern  and  draw  forming  tools  on  band 
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could  be  sdiptfti  to  the  SSPV  ,  a  wcetitful  explosive  die  design 

:«s  w>  m£t«  frcsa  ^jvlssi!  sMiifsct*»s?  «f  anw  diella  in  a  A.c  dlMeter 
ma«>.  Consequently,  a  isrgcr  nc*le  copy  rf  that  design  offered  e  mini— 
•aPfort  minimum  risk  approach  ihe  only  uno':  *t*inty  concerned  tile  explosive 
foswia^  act  seen  welded  t Itanium  tubing.  It  ttpT^ered  probable  that  tool  log 
cssjil.i£R*S.i«.s  would  develop  **veh  **  rmv  talon  tor  explosively  forilMt  at 
elevated  temppi  .store* . 

All  amtlclpittr.j  *  r.'w  r '»A  veld  ri KOa^a  *  >  'o  of  conventional  mture. 

Methods  of  vludijag  filesvtt  bands  on  >,i  v  toroidal  vessel  (Class  XI 
design  for  Xtoase  II)  4  a  w*v  problem,  The  existing  winding  lathe 

had  Insufficient  threw  t<.  .  %  the  %\  .  ua  in  o 11  band  winding  pceltloos. 

StmJghtforwarO.  sv  v\.«a  dived: 


o  hevelopment  of  a  multi  p oei'  ioulxy,  fixture  in  como lost Lon 
with  a  gap  laths . 

o  Devcl&psent  at  a  planetary  'finding  device. 

Navel  approaches  were* 

o  Prewind  hands  end  position  on  nodule  blank  before  explosive 
forming. 

o  Wind  nodules  after  explosive  faming  but  prior  to  welding 
Into  the  vessel  assembly. 

The  first,  and  fourth  nethod  appeared  to  offer  minimum  developnent 
risks.  Feasibility  of  the  fourth  nethod  would  depend  on  trials  wherein 
attenpte  be  ends  to  protect  the  bend  ftren  over  hasting  durlnj  welding. 
Critical  location  would  be  at  the  inside  torus  radius  where  weld  and  band 
center  lines  nearly  converge,  (Reference  Figure  5). 

k.  DKSIC*  SELECTION 

e .  Material  Properties 

The  pressure  vessel  efficiency  index  for  a  maws  lad  6air4v  titanium 
alloy  in  ccrblnatlon  with  3-901  fllanent  glass  Is  In  the  highest  bracket 
between  ,7  end  .8  (Reference  Figure  1). 

Whether  an  efficiency  gain  would  result  from  heat  treatment  of  the 
titanium  la  uncertain.  Biaxial  stress  strain  data  for  the  6 AL-kV  in  the 
high  strength  phase  wee  not  available  for  application  to  the  mathematical 
models.  However,  It  la  expected  that  reduced  elongation  would,  penalise  the 
band  weight  mere  than  enough  to  offset  the  —11  decrease  in  shell  weight, 
less  desirable  is  the  tendency  toward  brittle  failure  in  pressure  vessel 
uaegpa  when  material  elongation  is  lass  than  3  percent .  A  marginal  situa¬ 
tion  appears  to  have  already  been  reached  with  the  snaaalad  condition  when 
one  considers  that  under  1:1  biaxial  loading  a  measured  maxi—  elongation 
of  3.9  percent  is  a  significant  drop  Aram  tbs  13  percent  measured  under 
uniaxial  stress. 
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Pressure  yiinI  manufacturers  have  fait  the  impact  at  this 
phenomenon  at  1 area  ductility  loss  under  biaxial  load  c  colit  Ions,  In 
experiences  at  unreliable  strength  due  to  extreme  sensitivity  to  vessel 
surface  scratches  and  minute  manufactured  Imperfections. 

A  survey  of  pressure  vessel  vendors  conducted  during  this  study 
suggests  s  practical  upper  limit  of  100  ksi  uniaxial  ultimata  tensile  for 
Uj40  and  200  ksi  for  maraging  steels.  At  these  strengths  steel  is  not 
weight  vise  competitive  with  titanium  in  3SPV  designs.  These  values  would 
correspond  to  approximate  1:1  biaxial  values  of  210  ksi  and  230  ksl  re¬ 
spectively  ■  The  values  at  biaxial  UTS  of  253  ksl  far  4340  and  305  ksl  for 
maraging  steels  used  in  this  study  represent  the  mere  optimistic  opinions 
of  the  industry.  At  these  levels  steels  are  competitive  with  titanium  hut 
they  sust  be  recognised  as  high  risk  materials. 

Maraging  steel  displays  another  strain  characteristic  which  ap¬ 
pears  to  be  unsuited  to  thin  wall  pressure  vessel  a .  The  distinction  between 
t-hin  and  thick  wall  designs  is  important  because  the  material  was  developed 
as  a  pressure  vessel  material  where  deep  hardening  characteristics  are  Im¬ 
portant.  A  peculiar  property  of  this  material  is  observed  in  its  stress 
strain  diagram.  Once  ultimate  tensile  is  reached  the  material  strength 
continues  to  drop  off  with  Increased  elongation  (Keference  Figure  2).  These 
post  ultimate  stresses  are  measurable  only  under  laboratory  conditions  where 
the  applied  load  is  also  proportionally  reduced.  This  is  the  loading  situ¬ 
ation  of  a  tensile  testing  machine  where  the  mechanism  introduces  a  steady 
strain  rate.  Under  dead  weight  loading  of  a  tensile  coupon  the  specimen 
would  give  way  at  the  instant  ultimate  stress  was  reached.  The  dead  weight 
example  is  analogous  to  the  steady  pressure  loading  of  a  thin  shell.  This 
rationalisation  is  supported  by  1:1  biaxial  stress  strain  curve  for  maraging 
steel  shown  in  Figure  3»  where  plastic  elongation  Is  very  small  relative  to 
the  uniaxial  strain  as  shown  in  Figure  2. 

The  above  considerations  led  to  the  selection  of  6AL-4V  as  the 
preferred  smterlal  for  SSPV  hardware  for  this  study. 

b.  Material  Availability 

A  preliminary  survey  of  titanium  suppliers  Indicated  that  heat 
treat-  d  6AL-4V  sheet.  In  standard  gages  between  .063  and  .125  could  be 
located  in  warehouse  stocks  and  delivered  within  3  to  4  weeks  from  ordering 
date.  The  desired  annealed  condition  could  only  be  procured  by  mill  order 
with  a  3  to  4  month  normal  delivery  time. 

It  was  therefore  planned  in  the  Phase  I  effort  to  anneal  received 
material  and  requisition  Phase  II  material  with  sufficient  lead  time  to 
permit  mill  order. 

In  the  course  of  the  design  development  the  required  sheet  thick¬ 
nesses  was  frozen  at  .071  and  .100  Inches. 
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FIGURE  2  MARAG4NG  STEEL  UNIAXIAL  STRESS-STRAIN  CURVES 
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FIGURE  3  MARAGIMG  STEEL  S1RESS  RATIO  BIAXIAL  STRESS-STRAIN  CURVES 
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A  sufficient  supply  of  .071  material  was  collected  by  series  of 
saell  shipments  which  barely  kept  pace  with  development  test  and  fabrica¬ 
tion  requirements. 

However,  early  orders  on  .100  sheet  remained  unfilled.  There  was 
no  prospect  of  the  situation  changing.  This  procurement  problem  affected 
the  Class  III  configuration  hardware  only.  Fabrication  planning  was  then 
shifted  no  machining  the  Claes  III  17  inch  shells  from  hemispherical  forg¬ 
ing*  on  the  strength  of  an  eight  week  delivery  quote  by  one  vendor.  Other 
•sources  were  prohibitive  due  to  large  tiiae  and  cost  provisions  for  fabri¬ 
cation  of  forging  tools.  Confirmation  was  asked  and  received  with  the 
vendors  statement  that  proper  forging  dies  were  on  hand.  However,  upon 
receipt  of  K3D-T 1  a  purchase  order  the  vendor  revised  costs  and  schedules 
in  a  manner  incompatible  with  this  study .  The  vendor  could  not  deliver 
because  tooling  would  have  to  be  developed  after  all. 

At  this  point  it  was  clear  that  a  material  change  waa  necessary 
if  the  study  was  to  benefit  from  Class  III  engineering  model  design  and 
fabrication  experience.  A  preliminary  analysis  indicated  a  reasonable 
engineering  facsimile  of  the  titanium  Class  III  vessel  could  be  produced 
by  using  17-7  PH  steel  sheet  and  by  dropping  the  gage  one  step.  This 
material  waa  readily  available  and  was  accordingly  introduced  into  the 
Claes  III  engineering  model  design. 

c.  Design  Produclbllity  Considerations 

An  Important  evaluation  in  the  design  feasibility  study  concerned 
the  produclbllity  of  3SFV  hardware.  The  design  philosophy  should  give 
credence  to  practical  manufacturing  metho  a ,  few  components  and  well  con¬ 
trolled  tolerances. 

A  second  criterion  -  avoidance  of  circumferential  velds  underlying 
the  band  -  came  about  as  a  result  of  material  efficiency  comparisons  with 
mathematical  models. 

Preliminary  detlgn  studies  demonstrated  that  a  large  family  of 
systems  of  cooctant  diameter  could  be  assembled  from  two  basic  modules. 
These  are  an  explosive  formed  shell  in  the  shape  of  an  hour  glass  and  a 
hemisphere  end  closure.  Clans  I  and  II  vessels  of  this  study  are  included 
in  that  family.  Variations  in  trimming  these  explosive-f armed-modules  pro¬ 
vides  versatility  in  shape  of  the  system.  Modules  would  be  welded  to  each 
other  such  that  their  intersections  describe  a  great  circle.  This  would 
allow  a  choice  of  assembly  shapes.  System  centerline  could  be  axis  sym¬ 
metric,  disjointed  or  follow  any  carve.  Yet  in  this  assembly  each  segment 
operates  in  the  stress  state  at  a  simple  sphere. 

The  end  clomnre  of  these  systems  would  be  accomplished  by  use  cf 
a  frustrum  of  a  beta  spherical  shell.  This  intersection  need  cot  be  on  a 
great  circle. 


Ideally  the  cylindrical  blank  far  this  explosive  formed  module 
would  be  provided  a*  extruded  seamless  tub leg  or  aa  rolled  sheet  solid 
vtate  bonded  at  the  seem.  As  an  Intermediate  approach  it  would  be  ex¬ 
peditious  to  fusion  bond  rolled  sheet. 

The  CIrbs  III  system  did  not  lend  itself  as  well  to  ao  few  parts. 
In  theory,  membrane  conditions  could  be  achieved  by  simply  intersecting 
and  joining  two  different  size  spherical  shells  provided  the  nodal  band 
restraint  could  be  concentrated  as  a  line  load  in  the  Intersection  plane. 
Since  the  physical  band  occupies  a  finite  width  it  appeared  advisable  to 
provide  a  transition  section.  This  transition  section  could  be  a  ring 
with  a  cross  section  profile  farming  a  valley  and  medium  line  of  the  sides 
sloping  to  a  point  of  ta Egency  with  each  adjoining  sphere.  These  points 
of  taagency  would  define  the  Intersection  joints. 

This  transition  ring  could  be  easily  shaped  in  cross  section  by 
shear  spinning  or  by  explosively  forming  a  short  length  of  seamless  tubing. 
Seamless  tubing  being  unavailable  within  the  time  span  of  this  contract 
made  it  necessary  to  resort  to  sheet  stock  and  one  or  more  seam  welds. 

The  simplest  method  was  Judged  to  be  that  of  stretch  f canning  two  arc  sec¬ 
tions  of  the  transition  ring  and  Joining  by  fusion  welding. 

From  a  producibl  lity  viewpoint  it  would  be  highly  advantageous 
to  filament  wind  bands  on  the  explosive  formed  segments  before  welding 
Into  the  assembly.  This  approach  would  standardize  the  winding  method 
far  the  entire  family  which  included  Class  I  and  II  systems.  Further, 
the  reinforcing  bands  of  complete  toroids  could  be  wound  without  need 
of  special  planetary  or  shuttle  winding  machines.  This  method  could  be 
adapted  to  Class  III  vessels  by  increasing  the  width  of  the  transition 
section  beyond  the  taagency  points  with  the  adjoining  spheres.  This 
would,  cause  the  weld  Joint  to  be  displaced  from  the  band  which  for  struc¬ 
tural  reasons  is  bounded  in  width  by  the  taagency  loci.  However,  widening 
the  band  would  increase  severity  of  the  cross  section  forming  to  a  degree 
possible  only  by  shear  forming  or  explosively  faming  seamless  tubing.  It 
was  therefore  planned  that  Class  III  vessels  fabricated  in  this  study  would 
be  wound  after  weld  assembly. 

d.  Vessel  Configurations 

The  three  basic  SSFV  configurations  to  be  designed  and  tested  were 
defined  by  the  Mr  Force  as: 

o  Class  I  Longitudinally  Symmetric  System  (Reference  Figure  4) 

o  Class  II  Toroidal  System  (Reference  Figure  5) 

o  Class  II  Combined  System  (Random'  (Reference  Figure  6) 

Size  for  the  basic  spherical  segments  was  selected  through  Manufacturing 
considerations  as:  12  Inch  diameter  for  Classes  X  and  II,  12  and  IT  inch 
diameters  far  Class  III.  Definitive  details  to  be  found  by  analyses  and 
design  studies  were: 
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o 

o 

o 

o 

o 


Ratio  of  transition  ring  radius  to  spherical  radius 
Shape  and  site  at  nodal  transition  section  (y/r) 


mn  m 


WWI»*  A  S 


j*r»<  w»  KaM 


Magnitude  of  the  flleaa&t  band  preload 


Major  radius  of  torus  (Clan  11  system ) 
Necessity  of  weld  lands 


Prelimi  ary  mathematical  nodal  data  showed  pressure  vessel  efficiency  in¬ 
creased  with  Increased  segment  angle  (oc  ),  where:  oc  -  bmall 

improvement  in  efficiency  was  shewn  for  segment  angl  a  greater  than  65 
degrees.  On  this  basis  oc  ■  65*  was  selected  as  an  approximate  design 
condition  for  Class  I  and  II  systems.  Thr  precise  value  was  determined  by 
design  lay-out  studies.  A  nodal  radius  of  1.0  inch  was  used  since  smaller 
radii  appeared  to  be  too  severe  for  explosive  forming. 

Selection  of  the  segment  angle  for  the  Class  III  vessel  required 
layout  study  to  establish  tb-  influence  of  (pc  )  on  the  physical  properties 
of  the  transition  section.  it  was  desirable  for  structural  reasons  to 
develop  a  transition  section  whlcu  would  be  tangent  to  both  the  12  and  17 
inch  sphere  at  the  same  cylindrical  radius.  The  particular  transition 
geometry  chosen  for  the  Class  III  design  was  one  of  several  known  to  satisfy 
the  common  cylindrical  radii  condition. 


Band  area  was  determined  by  two  analysis  methods.  It  is  clear  from 
both  methods  that  the  band  width  should  stop  at  the  tangency  loci  between 
the  transition  section  and  the  adjoining  spheres.  Equations  have  been  de¬ 
veloped  in  the  AMC  method  defining  how  band  depth  should  vary  along  the  tran¬ 
sition  tone  width  in  order  to  preserve  membrane  stress  conditions.  These 
equations  were  the  source  of  band  shape  definition  for  all  three  class  sys¬ 
tems. 


By  analyses,  the  required  band  cross  section  area  decreased  as  pre¬ 
stress  increased.  Selection  of  the  filament  band  preload  was  decided  at  40 
to  45  ksi  filament  tension.  It  was  believed  this  represented  an  upper  limit 
bey cod  which  filament  fraying  vould  be  troublesome  during  winding.  However, 
fraying  did  not  develop  as  a  problem.  Ho  evidence  of  shell  buckling  was 
observed  for  engineering  models  wound  at  the  4C  ksi  prestress.  In  so  far  as 
maximum  working  stress  of  the  3-OG1  film&snt  glass,  a  prestress  of  9Q  ksi 
could  be  used  before  band  ultimate  allowable  stress  vould  be  approached  under 
combined  condition  of  prestress  and  design  burst  pressure. 

The  major  radius  oC  the  torus  design  for  Class  II  systems  was  based 
on  a  uriTti—Mi  for  12  inch  spherical  segments  which  would  provide  sufficient 
space  for  chill  bars  tc  protect  the  bands  against  overheating  during  welding 
of  the  prevouad  segment:  . 

It  was  uncertain  whether  lands  vould  be  required  along  the  seam 
velds  of  the  tubular  blank  to  avoid  weld  failure  during  explosive  forming. 
This  decision  was  left  to  development  tests  wherein  veld  lands  were  found 
not  required  for  forming  purposes .  To  achieve  uniform  vessel  strength. 
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wel6  land*  nrt  cn—retiy  u— d  to  ocegen* at*  fa?  etr—gtk  loo*  la  the  boot 

SfJSSCtSd  SOS*  r  S-.TrCrT? I  '**»■*  yjJjgJjJ  Jjf  l  irTi  II  nm  jMMtt  Mgnljl 

occur  durian  foamlag  of  th*  ashell*,  design  of  the  land*  wu  delayed  until 
conplstloe  of  engineering  —del  thicks***  — nenr— nt* 

9.  lagi - ■*--  mm«i« 

The  flMirlaj  —dale  were  configured  to  duplicate  the  npwt 
Joint*  and  th*  nodal  km  detail*  for  th*  thro*  design  configuration*. 

It  can  be  aa— a  that  adjolnlm  saetia— ,  wherein  each  section 
1*  tal«c  with  the  band  centered,  have  identical  *tr**a  field*.  Thar  if  or*, 
one  euoh  eeetion  with  head epber leal  and  cloaura*  roprerents  the  eoMsleU 
structure  of  th*  larges*  eyet— . 

Engineering  —del  Claee  (I  and  II)  vae  designed  ac  a  prototype 
of  th*  axle  ey— trie  and  toroid  eyet*—.  login-ring  model  Claee  III 
rapr**«nte&  the  ecetolnad  or  randan  eyet—.  (Refer—  Figure*  7  end  8) 
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OE8IOR  OFTZMZZATIQM  BY  ANC  METHOD  (REF.  8ECTC0K  VII,  PAR.  3-0) 
a.  Band  Load  Distribution 

The  ratio  of  band  pressure  to  internal  pressure  Is  ccoputed  by  use 
of  Equation  1.1  from  Section  YI1  paragraph  3  < 


f/l  ■  £ 


I  2  .  (r/R)'1  - - ! 

(  <1  *  r. 


/R)  Y/R  -  r/R  Cos 4 


(1.1) 


Oovernirxj  gsoatstric  paraswtsrs  for  tbs  Class  (I  and  II)  vessel,  given  in 
Figure  9,  are; 


Y/R  «  0.$*50 


r/R  »  0.1666 


Maxima  *19.5 


Applicable  parameters  foT  Class  III  vessels  are  based  on  geometry  mi 
Figure  10,  which  are: 


Large  Sagas nt  Snail  Segment 

Tl/Rl  “  0.481*6  Y2/R2  -  0.6067 

ri/Rx  -  0.1666  rp/Rg  -  0.2759 

max  *  60°  $2  mx  ”  46.6° 

Design  of  Engineering  Models 
A.  Class  (I  -  II) 

Using  6AL-4v  titanivsa  annealed  shell  material  and  the  S-901 
fiber  glass  wound  band,  the  following  conditions  are  used  in  the 
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t  (maninal) 
t  (tain) 


40,000  psi 
0.070  in. 

0.060  in 

2  t  (ainj^  U  -  (.120)  (166,000) 

3381.7  psi  (no  reduction  for  inefficiencies) 
(1  -  uJ/E3  +  0.002 

((152  x  0.7)  -  17)  10-3  +  0,002 


FIGURE  f  ClAufl  -  l) EMCWEERIMC  MODEL  GEOMETRY 
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FIGURE  10  CLASS  III  ENGINEERING  MODEL  GEOMETRY 
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Based  on  these  condition*  and  the  genoetry  giv  n  in  Figure  9. 
the  band  load  for  raeabrane  conditions  is  calculated  using  the 
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Where  the  band  to  internal  pressure  ratio  is  taken  to  be, 
f/P  .  3.4?  (Ref.  Figure  11)  (1.3) 

Substitution  of  \«iues  into  Equation  (1.2)  yields: 

<yb  Afc  *  3.7387  f  (1.4) 

Substitution  for  f  yields: 


CTn  Ab  -  (3.7387)  (3.4?)  (  3381.7) 
*  43,871.77  lbs. 

Based  on  proof  pressure,  the  stress  ic : 


(1.5) 


r  + 


Sb 


•  40,000  +  ( .00825  x  9  x  106) 


(1.6) 


<0  p  ---  114,3**Q  psi 


Then,  the  stress  at  burst  pressure  is: 
*  114,340  a  Hp/rLg  -  171,630  psi 


(1.7) 


Using  the  value  for  O'  r  1 n  Equation  1.5,  the  band  area  required 
°or  tne  burst  condition  is: 


\  »  43,871  -T  *  43,671-77  -  0.2355  sq.  in. 
B  /vb  “  '  inTtSSo 

O  B 


(1.8) 
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SAND  PRESSURE  TO  INTERNAL 


FILLET  ANGLE  ,'*)  -  DEGREES 


FIGURE  11  PRESSURE  RATIO  VERSUS  FILLET  ANGLE  FOR  CLA'S/i  -  II 
ENGINEERING  MODEL 
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B.  Class  III 


The  Class  III  vassal  is  made  of  17-7  PH  steel  uith  r-901 
fiber  glass  band.  The  design  analysis  la  divided  into  two  parts,  eaui 
segment  being  one  part. 

The  3* rge  eegment.  46Sign  is  b0.fi  C  (3  OH  f'oXJ.OHing  COTViltlcnS 
and  the  geometry  given  in  Figure  10. 


Fo 

np/nB 

t  (nominal) 

t  (min.) 

Pg  *  2t  (min) 
R 


C*fi 


40,000  pai 

0.666 

0 . '"'9  in. 

0.077  in. 

.154  x  185,000 
- 0*5 - 


*  3373.59  Pai 

(no  reduction  far 
inefficiencies ) 


Sb 

P 


m<]4  ( 1  -  «)/E  +  <002  ■  ((150  x  .7)- 30)  10"3  +  .002  «  0.0055 


The  bend  load  equation  for  a  membrane  condition  is: 

61° 


CTh  Ab  -  r, 


f  ((y  *  rl)  f  cos  $  -f  cos^  )  d  <p  (1.9) 
Jo  ri 


where  the  straight  line  relationship  f  »  (3-95  +  .657$  )  P  is  an 
approximation  of  the  distribution  given  in  Figure  12. 


Substituting  in  val  les  end  integrating,  the  band  load  becomes: 

<Tb  Ab  -  13.67  ?  (1.10) 

Based  c.i  proof  pressure,  the  stress  is: 

&?mVo*£f  (1.11) 

-  40,000  +  0.0055  x  9  X  10° 

*  89, 500  psi 


Then  the  stress  at  turst  is: 

Ob  *  (09,500  psi)  -  (np/ng)  -  134,250  psi  (l  12) 
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FIGURE  12  PRESSURE  RATIO  VERSUS  FILLET  ANGLE  FOR  CLASS  III  S4  GIN  EE  RING  MODEL 
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lining  the  above  value  in  Equation  (l.io),  the  band  area 

rtqulrid  fnr  t. h«  ]«rgt  MgMnf  bllTSt  pressure  is  S 

a|  -  13.67  x  3373-6  _  0.3433  aq.  in.  (1.13) 

'r$r$50~ 

The  small  segment's  geometry,  Figure  10,  and  the  following 
conditions  differ  from  the  large  segment. 

t  (nominal)  «0.063  in. 

t  (min)  «0 .O'U  in. 

p_  *  O.IOQ  x  168,000  «  3043.5  psi  (no  reduction  for 
5.96lp  inefficiencies) 

The  band  pressure  for  this  segment  is  given  by  the  straight 
line  relationship: 

f  -  (1.95  +  .276  4>  )  P  (Ref  •  Figure  12)  (1.14) 

Band  load  for  membrane  conditions  is  calculated  using 
Equation  1.9  with  only  numerical  changes  due  to  geometry  with  the  result: 

Ab  -  8.94  P  (1.15) 

The  stress  at  burst  condition  was  previously  calculated  to 
be  134,250  psi.  Substituting  this  value  in  Equation  (1.15)  along  with  the 
pressure  at  burst  (tjj),  the  required  band  area  for  the  small  segment  is: 

-  0.2026  sq.  in.  (1.16) 

B  134,250 

The  total  band  area  for  both  segments  at  burst  condition  is: 
Afe  -  0.3435  +  0.2026  *  0.5461  eq.  in.  (1.17) 


2.  ANALYSIS  BY  PETS  DIGITAL  ROUTINE 

The  large  number  of  trial  designs  which  must  be  made  in  a  comprehensive 
parametric  a  alysie  of  a  segmented  spherical  pressure  vessel  make  it  expedient 
to  use  a  simple  membrane  analysis  in  the  design  procedure.  For  a  given  value 
of  internal  pressure  P,  the  stress  predicted  by  the  membrane  theory 
(  O’  m  -  PR/2t)  will  be  accurate  except  in  regions  of  shell  bending.  Since 
the  individual  segments  are  homogeneous  spheres  of  constant  thickness,  shell 
bending  will  occur  only  in  the  neighborhood  of  the  reinforcing  band  and  near 
points  of  manufacturing  error.  The  primary  purpose  of  this  analysis  is  to 
determine  the  effect  of  this  bending  or.  the  design. 
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A.  Solution*  on  Equal  Segment  Configuration* 

This  taction  praaanta  the  resulta  of  the  itie*i- strain  analysis 
of  the  equal  sphere  configurations.  As  will  ba  indicated  in  Section  VII, 
the  analysis  employs  the  band  shell  compatibility  relations  to  combine  the 
results  of  unit  load  analyses  for  the  reinforcing  band  and  un-reinforced 
shell  to  yield  solutions  for  the  reinforced  shell.  The  unit  load  analysis 
for  the  un- reinforced  shell  determines  strain,  displacement,  and  stress 
influence  functions  directly  from  the  output  of  digital  routine  PETE.  Two 
such  analyses  are  required  for  any  shell  configuration;  one  vith  a  uniform 
internal  pressure,  P,  and  one  with  a  uniform  band  pressure  f  The  influence 
functions  presented  in  this  report  wert  all  obtained  with  P  and  f  equal  to 
1000  psi  «  1  kai. 


Figures  13  and  lU  are  typical  of  the  stress  influence  curves 
which  are  obtained  from  unit  analysis  of  the  equal  sphere  configurations. 
The  four  stresses  rep.  esented  are: 


Meridional  stress  on  inside  and  outside  fibers. 
Circumferential  s trass  on  inside  and  outside  fibers. 


These  stresses  are  shown  as  functions  of  meridional  arc  length,  $  . 

The  stress  distribution  is  symmetric  about  the  low  point  of  the  node  (shown 
as  the  center  line)  and  the  maximum  values  of  stress  occur  at  this  point. 
Figure  13  shows  the  stress  is  kai  per  ksi  of  internal  pressure  and  Figure  lU 
shows  the  stress  In  ksi  per  ksi  of  band  pressure.  Both  of  these  curves 
represent  the  design  case  (12  inch  diameter  sphere;,  segment  angle  67°  58’, 
wall  thickness  .068  inch,  elastic  modulus  16  x  HP  psi,  and  a  1  inch  nodal 
radius ) . 


b.  Design  Optimization,  12"  to  12"  Vessels 

In  general,  shell  bending  in  the  neighborhood  of  the  reinforcing 
band  will  reduce  the  safe  working  range  of  pressure.  The  problem  considered 
here  is  that  of  minimizing  this  reduction  for  a  particular  choice  of  materials 
and  shell  radii.  Explicitly,  for  given  shell  ^nd  band  materials  and  nodal 
radii,  the  optimization  procedure  is  to  find  a  combination  of  band  area,  A*, 
and  prestress  force,  FQ,  which  minimizes  the  effects  as  the  design  of  shell 
bending  in  the  neighborhood  of  the  reinforcing  band. 

For  the  equal  sphere  onf igurations ,  the  problem  is  simplified  by 
the  existence  of  a  pure  membrane  state  for  some  value  of  f/P.  In  such  a  case, 
the  pressure  is  obtained  by  the  band  * ~ea  and  prestress  such  that  the  stress 
in  the  shell  in  its  membrane  condition  is  exactly  equal  to  the  yield  point 
stress  of  the  material. 

We  illustrate  the  procedure  by  means  of  the  design  e*  mple. 

A.  Determination  of  Design  Stress 

The  first  step  is  to  determine  which  of  the  four  stress 
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FIGURE  14  NORMAL  STRESS  VS  ARC  LENGTH  FOR  BAND  LOAD 


functions  o£  (P),  C7+  (P),  O'.0  (P),  <Ti  <P),  is  critic*!  at 

any  given  Talus  of  P.  FJron  the  unit  analyses  by  digital  routine  HRT8 
it  is  found  that: 

«j£/P  -  259.10  -  63.742  f/P  CT|  /P  »  197.39  -  45.67  f/P 

O’i/p  -  165.37  -  35.676  f/P  o^/p  -  115.06  +  47.22  f/P 

,  It  is  easily  verified  from  these  results  t»iat  the  stress  Of** 

(J*^,  are  intenaediete  stresses  for  all  values  of  f/P,  and 

O#/1’  1*  design  stress  for  3-37  32  f/P  «fc  8.7 

O'j/P  i»  design  stress  for  3.37  ^  f/P  ^1  8.7 

where 

f/P  -  3.37  is  the  membrane  condition. 

Non  in  general, 

f  •  Phi  +  fQ  -  f/P  -  kx  +  fQ/P 

So  for  a  fixed  design  (FQ,  Ab),  f/P  is  a  function  of  P  alone  and 

aT  <f',p>  ’  -  <VpS 


Thus  for  I  2  o; 


cr"  is  design  stress  for  ”  2r 

O'*  is  design  Btress  for  P’  ^ 

.  Tkf  . ^ «■  M  p/d  -  fl  7 

» ira  a  c  f  tuu  vdvuuuo  vs;  a/a  *  u.  1  • 


P  ^ 


B .  Optl illation 

Now  F/P  *  3*37  eliminates  the  secondary  stress  -  that  is,  a 
membrane  state  exists  at  this  value  of  f/P.  We  wish  to  maximise  the  value 
of  P  at  which  f/P  equals  3*37  relative  to  the  condition  that  the  shell  does 
not  yield  under  the  band  load  alone.  New  the  stresses  in  the  shell  are: 

0*8  -  p  a  \  ♦  t  erf, 

and  ir.  view  of  the  above,  we  wish  to  choose  f  such  that,  for  a  yield  stress 
of  150  kai, 

150  25  Cf*  ■  P  O’  p  +  f  cr|,  for  r  ?  PB  (2.1) 

1.50  2t  cr*  -  r0  for  p  -  o,  (2.2) 
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(2-3) 


suDject  to  uii  cgnamwi  tuit. 


fm/p«  -  3.37  -  k 


in  orurr  OMXliaiES  tiii  Vsiui  of  wh«  intirsisl  p! 


which  the  membrane  stats  ccurs,  we  take 


p  &  tii  ♦>  °»  r  ■ «; 

* m  w*  *  m 


•“***'•»  *m»  -- 


+  krr? 


(2M 


a?  +  k  q;? 


Since , 


Cr_l  +  259.1,  q;°  -  63,71*2 


we  get 


(2.3) 


P„  ^  3,38  kei, 

ra 

which,  as  predicted,  is  the  value  of  pressure  at  vhi; 
component  sphere  yields. 


a  single 


C.  Choose  Band  Area  and  Prestress,  F 


Thus,  letting 
P  -  3o8,  k  -  3.37 

m 


(2.6) 


we  obtain 


f0  -  3-38  (3-37  -  k  ' 


(2-7) 


But  for  no  yielding  at  P  ■  0,  one  must  have. 


150  &  fQ  c£f 

which  implies 

fo  -  2’35 


(63.742) 


(2.8) 
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vlth 


and  **  not*  that  thia  la  independant  of  P  .  Combining  this 
2.7)  yield*  B 


kl  ^  2.675 
But  in  general, 

€1 


ki- 


6r 


b  - 


n 


■f 5  -  fp  * 


Prom  unit  analyses  by  routine  JUTS  the  O-  strain*  ara 
£J-  .012493  £J  -  -  .0031276 

Therefore , 


£?•£ 


b  +  ;  r  8 
P  i  C  f 


-  .012493  -  l  (.0031276) 


(2  )) 


(2.10) 


and  since  It, 


it  -00419 
2^75 


2.675  by  (2.9) 
.001565 


N  v  since  f„ 


SR 


2.35. 

-  Fo 


Eb  Ab 


f0  Eb 


implies 

W 

C  f  S 

There  fr>re 
F„ 


2.35  Eb 


_ _ _  <  EH 

2351s  ~  ib^T 


.001565 


No*  S  *  .733  8  -  5-62  SR  -  4.11 

Thus, for  do  yielding  in  the  range  0  ^  P  * 


Jo_ 

2.35 


4.11 


-c  .001565  E 


(2.11) 


(2.12) 
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In  ord*r  to  *nforc«  uand  shell  compatibility  at  r  •  3-36  {so  that  tha  design 
strata  assumed  by  inaquallty  (2.12)  Is  corract)  wa  must  hava: 

ro  -  -  Pm  (k  -  kx)  -  3.38  (3-37  -  kx) 

Sn 


Thus 


Fo  Ab  -  3.38 

SR 


SR 

Eb  Ab 


or,  with  £  ",  £  *  aa  before,  and  SR  -  4.11, 


Po  *  iiiS  /  3.37 
Ab  l 


.01249  Eb  Ab 
Tj.ll  *  .00313  Eb 


(2.13) 


In  general,  any  consideration  of  E  A  and  F  which  satisfy  (2.13) 
and  nequality  (2.12)  is  satisfactory  for  all  values  of  Internal  pressure 
in  tha  range  0  ^  F  tSL  3-38  ksi.  Figure  IS  shows  a  plot  of  such  rombi na¬ 
tions  for  B3  ■  9.1. 


Tha  actual  design  case  does  not  quite  lie  on  these  optimum 
curves .  Figure  16  is  helpful  in  illustrating  the  consequences  of  utilizing 
a  non- optimum  case.  This  figure  shows  the  contours  of  critical  shell  stress 
as  a  function  of  band  area  and  prestress.  For  example,  the  shell  yields 
at  P  *  0  for  Ab  *  .270  if  F  36  ksi.  On  the  other  hand,  for  Ab/.270  =  .9, 

and  F0  <  39-8»  the  shell  stress  just  reached  yield  point  at  P  ■  O,  but  then 
relaxes  and  remains  less  than  yield  point  until  P  exceeds  3-0  ksi.  Of  course, 
every  point  in  the  shell  will  yield  when  P  =  3-38  ksi. 

c.  Design  Optimization,  12"  to  1/"  Vessels 

This  solution  assumed  existence  of  a  single  uniform  {i/p)  value 
to  satisfy  membrane  conditions  on  both  the  large  and  small  segment  sides  of 
the  nodal  section. 


The  stress  distribution  fro»n  routine  PETS  for  the  design  case, 
for  a  unit  internal  pressure  and  a  unit  band  load,  are  shown  in  Figures  1" 
and  18  respectively.  These  figures  clearly  illustrate  the  origin  of  the 
residual  bending  stress.  The  maximum  stress  due  to  the  internal  pressure 
occurs  (in  the  node)  on  the  side  near  the  large  sphere,  and  the  maximum 
stress  due  to  the  uniform  band  load  occurs  (in  the  node)  on  the  side  near 
the  small  sphere.  Obviously,  these  can  never  cancel.  From  a  procedure 
completely  analogous  tc  that  derived  for  the  12-12  inch  spheres,  it.  is  found 
that  value  of  f/p  which  minimizes  secondary  stress  is  3-42  ksi  and  that  the 
corresponding  maximum  value  of  internal  pressure,  for  no  yielding  is  1.06  ksi . 
Finally,  the  basic  relations  between  band  prestress,  F0,  banc’  Ab,  modulus 
Eb  and  dimension  SR  to  insure  that  there  is  no  yielding  anywhere  in  the  ranje 
of  pressure. 
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FIGURE  ’5  BAND  AREA  -  PRESTRESS  RELATION  TO  ACHIEVE  THEORETICAL 
MAXIMUM  INTERNAL  PRESSURE  AT  YIELD  POINT 
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FIGURE  ’6  150  KSI  CONTOURS  FOR  CRITICAL  SHELL  STRESS  OVER 
INTERNAL  PRESSURE  HISTORY 


FIGURE  17  STRESS  VS  ARC  LENGTH  FOR  1  KSJ  INTERNAL  PRESSURE 


BAND 


FIGURE  18  STRESS  VS  ARC  LENGTH  FOR  I  KSI  BAND  LOAD 
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It  la  noted  that  the  two  (f/P)  gradients  computed  by  the  AMC 
method  (Ref.  Figure  12  have  avevnge  values  of  2.1’;  for  the  small  segment 
aide  and  4.23  for  the  targe  segment  side  of  the  nodal  section.  These  values 
bracket  the  value  of  3-1*!?  selected  by  lodgment  from  the  PETS  Pita.  It  is 
:ov  obvious  that  the  assumption  of  a  single  uniform  i/p  value  for  the  PETS 
method  was  a  severe  compromise  on  accuracy.  However  when  the  PETS  r*aulte 
are  recognized  ae  an  averaging  approximation,  it  provides  a  check  for 

the  AMC  solution. 
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SECTION  rv 


LABORATORY  EVALUATIONS 


]  ,  K'JU.  SCALE  HAND  TESTS 
o .  Test  Method 

Modulus  of  elasticity  values  determined  by  stress-strain  mitesire- 
ments  on  NOL  rings  were  widely  veriant  snd  significantly  lower  than  values 
calculated  on  the  basis  of  volume  percentage  of  filament  glace.  These 
disparities  were  also  found  In  the  literature  report*  l  data.  It  was  con¬ 
cluded  that  the  standard  eplit  disc  test  method  was  inaccurate  for  mod  due 
of  elasticity  purposes. 

A  special  radial  expanding  fixture  was  designed  snd  fabricated  to 
accommodate  full  scale  bands  for  the  Class  (l-ll)  engineering  model.  The 
Lett  fixture  design  employed  an  expandable  eteel  ring  comprised  of  eight 
segments.  These  segments  provided  the  surfaces  which  applied  uniform  radial 
pressure  over  the  entire  Inner  circumference  of  the  SSPV  test  ring. 

The  segments  were  in  turn  loaded  by  a  system  of  wedges  on  roller 
bearings  (Ref.  Figure  19).  The  wedges  were  arranged  to  transform  linear 
travel  of  .-rnssheadtf  on  a  standard  Rsidvin  Tensile  Teeting  Mecnine.  into 
uniform  radial  displacement  of  the  ring  fixture.  The  teat  set-up  is  shown 
in  Figure  20. 

o.  Test  Band  Fabrication 

A  total  of  10  Tull  scale  SSPy  filament  bands  and  12  NOL  rings  were 

wound  for  structural  c.-aw-Iou  tutc,  T*»c  SCTV  b&ndv  veru  Wwmm  1 .. 

of  five  lots.  Several  NOL  rings  were  wound  of  each  lot  material*  and  tested 
tc  provide  a  quality  Control  Standard. 

All  specimens  were  wound  with  S-901  20  end  filament  glass  and 

epoxy  resin.  A  typical  band  cross  section  is  illustrated  in  Figure  21. 

A  full  scale  SSPV  band  is  shown  in  Figure  22. 

c.  Test  Results 

Properties  of  tn«  8SPV  filament  wound  bands  and  NOL  ring,  given 
in  Table  V,  are  baaed  on  resin-burn-out  tests,  to  determine  percentage  of 
glass  by  volume,  and  stress  strain  measurement  during  tensile  testing. 
Failure  mode,  reported  as  cleavage,  was  experienced  in  early  SSPV  tests 
due  to  strain  reduction  of  band  cross-section  causing  load  concentration 
at  the  cross-section  center  line  as  illustrated  in  Figure  23.  This  was 
corrected  by  providing  a  .0625  inch  thick  vinyl  liner  between  the  fixture 
and  the  band  to  simulate  the  actual  vessel  condition/1  where  the  thin  she''!, 
maintains  band  ships  cssicsSiity.  CLTV  hand  specimen  numbers  23,  2k,  29 
and  30  felled  in  pure  tension  node.  A  typical  failed  ring  is  shown  in 
Figure  22.  Strength  data  is  given  in  Table  \ . 


FIGURE  21  BAND  CROSS-SECTION 


RADtUS  MISMATCH 


FIGURE  23  CROSS  SECTION  DISTORTION  FROM  RIGID  FIXTURE 
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[V  TEST  DATA  AND  EVALUATION  OF  BAND  MATERIAL  PROPERTIES 


INSTRMT'D. 

CIRCUM. 

/TEST  LOAD  \ 

COMPOSITE 
TENSILE  MODULUS 

K SI  (E  X  10-6) 

FIBER  TENSILE 

KSI 

TYPE 

FRACTURE 

AREA 

(IN)-1 

\  DEFLECTION/ 10 

(»  IN) 

520.5 

13.56 

240.0 

7.05 

TENSILC 

489.5 

14.27 

237.9 

6.98 

TENSILE 

517.5 

14.27 

242.9 

7.38 

TENSiLE 

535.5 

14.84 

250.0 

7.94 

TENSILE 

138.34 

67.5 

151.6 

9.33 

244.2 

CLEAVAGE  &  CUTTING 

133.92 

66.0 

158.7 

8.83 

255.9 

CLEAVAGE  A  CUTTING 

126.32 

77.1 

157.0 

9.74 

253.2 

CLEAVAGE  &  CUTTING 

130.8 

70.0 

155. C 

9.15 

250.0 

CLEAVAGE  &  CUTTING 

535.5 

13.06 

250.0 

6.99 

367.6 

TENSILE 

539.0 

14.27 

261.5 

7.69 

383.8 

TENSILE 

520.5 

14.12 

239.4 

7.35 

352.6 

1  ENSILE 

144.2 

CLEAVAGE  &  CUTTING 

126.7 

74.0 

156.1 

9.37 

229.1 

CLEAVAGE 

141.0 

64.0 

199.5 

9.02 

316.6 

TENSILE 

139.0 

68.0 

195.9 

9.45 

310.9 

TENSILE 

535.9 

13.69 

241.7 

7.33 

- !301 - 

TENSILE 

535.9 

13.17 

230.4 

7.05 

338.8 

TENSILE 

569.4 

15.01 

237.8 

8.54 

349.68 

TEN5ILE 

rr  test 

143.77 

72.72 

203.77 

10.45 

323.44 

TENSILE 

15’  .47 

73.52 

209.20 

11.13 

332.06 

TENSILE 

2. 


DEVELOPMENT  OP  EXPLOSIVE  FORM  PROCESS 


a.  Teat  Specimens 

In  order  to  evaluate  weld  methods  and  explosive  forming  controls 
suited  to  forming  the  hour  glass  shell  module,  a  test  plan  was  prepared  for 
forming  half  scale  cylinders.  An  explosive  die  was  designed  and  fabricated 
to  bulge  tLe  6AL-4V  seam  welded  cylinders  to  12  percent  permanent,  radial 
strain.  It  was  reasoned  that  12  percent  would  provide  a  conservative  cri¬ 
terion  since  the  SSFV  Class  (I-II)  design  would  require  less  than  8  percent 
permanent  strain.  Land  configurations  are  given  in  Figure  24  with  consi¬ 
dered  weld  material  processes  listed  in  Table  VI. 

b.  End  Load  and  Explosive  Forming  Process 

The  greatest  risk  in  explosive  forming  the  SSPV  modules  was  as¬ 
sociated  with  the  presence  of  the  TIG  welded  seam.  It  was  known  from  pre¬ 
vious  MSD-T  formability  studies  that  6AL-4V  titanium  did  not  respond  well 
to  high  energy  forming  methods.  In  search  of  the  cause  it  was  observed 
that  6AL-4V  annealed  material  lost  75  percent  of  uniaxial  elongation  when 
subjected  to  biaxial  tensile  strain.  It  was  reasoned  that  introduction  of 
an  axial  compreasive  preload  would  help  move  material  in  the  radial  direc¬ 
tion  and  tend  to  restore  uniaxial  elongation  capabilities.  Therefore,  the 
test  die  was  designed  with  end  plates  and  bolts  which  could  be'  torqued  to 
introduce  a  controlled  axial  preload. 

C.  Test  Results 

Test  experience  conclusively  demonstrated  end  loading  caused  a 
significant  improvement  in  formability  of  6AL-4V  titanium  in  explosive 
forming.  At  the  beginning  of  testing,  four  identical  specimens  were  formed 
two  with  and  two  without  end  loading  (Ref.  Figure  25).  In  order  to  achieve 
full  form  with  the  unloaded  specimens  it  was  necessary  to  increase  the  pri- 
macord  charge  at  the  second  and  final  stage.  In  the  end  load  tests  the 
charge  was  held  constant  and  the  axial  load  retorqued  to  the  original  level 
after  each  firing.  Metallurgical  examination  of  the  unloaded  specimens 
showed  considerable  necking  and  surface  tearing  of  the  welds  as  a  result 
of  explosive  forming.  No  deleterious  effects  were  found  in  the  end  loaded 
specimens  after  explosive  forming.  Continuation  of  testing  to  evaluate 
weld  processes,  was  made  with  end  load  of  75  ft.  lbs.  bolt  torque  and  8 
inches  of  100  grains  per  foot  primacord.  Test  results  showed  satisfactory 
formability  with  6AL-4V  titanium  rod  without  weld  land  provisions.  No  sig¬ 
nificant  difference  could  be  found  between  specimens  with  and  without  weld 
lands.  As  a  result  of  this  favorable  experience  the  requirements  for  elec¬ 
tron  beam  welded  specimens  was  cancelled.  A  thickness  survey  of  explosive 
formed  specimen  was  taken  and  Is  shown  in  Figure  26.  Design  instructions 
were  issued  to  provide  end  loading  features  for  the  full  scale  explosive 
die.  Engineering  model  design  proceeded  with  useage  of  6AL-4V  weld  rod  and 
no  provisions  for  weld  lands  prior  to  explosive  forming. 
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TABLE  VI  EXPLOSIVE  FORM  TEST  SPECIMEN  PLAN 


TABULATION  j 

DASH 

NO. 

WELD 

TYPE 

**A** 

MAKE 

FROM 

mm 

TY. 

KEQD. 

WELD 

METHOD 

WELD 

ROD 

GRAIN 

DIRECTION 

-10 

1 

-1 

BBB^fTiB 

| 

TIG 

6  AL-4V 

LONG. 

-11 

n 

a 

A  0.00 

4,62-0.10 

4 

TIG 

rnu_ 

MERCIAL 
PURE  Tl 

LONG. 

-13 

i 

a 

4-67-0.*0 

2 

TIG 

6  AL-4V 

LONG. 

-13 

a 

a 

4-67-0.00 

2 

E&3SB 

Ml 

LONG. 

-14 

ii 

B 

4-67-0.00 

2 

TIG 

FSZHSi® 

Ml 

LONG. 

-15 

a 

4«^:« 

2 

ELECTRON 

BEAM 

- 

LONG. 

-16 

— 

B 

2 

ELECTRON 

BEAM 

- 

LONG. 

-17 

- 

-2 

- 

8 

- 

- 

LONG. 

-18 

■WM 

-3 

— 

8 

- 

TRANSV. 

-19 

-5 

- 

8 

TIG 

6  AL-4V 

LONG. 

-20 

-4 

— 

8 

TIG 

6  AL-4V 

TRANSV. 

-21 

- 

-5 

- 

8 

TIG 

COM¬ 
MERCIAL 
PURE  Tl 

LONG. 

-22 

- 

-4 

- 

13 

TIG 

Ml 

TRANSV. 

-23 

-5 

- 

8 

TIG 

COM¬ 
MERCIAL 
PURE  Tl 

LONG. 

-  74 

a 

B 

- 

8 

TIG 

SOCIAL 
PURE  Tl 

TRANSV. 
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FIGURE  25  EXPLOSIVE  FORM  TEST  SPECIMEN 
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FIGURE  »  EXPLOSIVE  POEM  WELD  TEST  SPECIMEN  -  THICKNESS  REDUCTION 
POE  IK  EXPAN  SON  (SHEET  I) 
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3.  WELD  AMD  HEAT  TREATMENT  EVALUATION  TESTS  OF  TIZAMIUM  6AL-UV  ALLOT 


a.  Test  Specimens 

Tftnallc  coupona  v era  type  211  given  in  Federal  Teat  Specification 
151-  Taata  were  conducted  at  •  atraln  rate  of  .00?  in/in/aec.  Coupona  ware 
cut  from  flat  sheet,  butt  welded  by  the  mathoda  given  in  Table  VI  and  Fig¬ 
ure  c\.  Specimen  number*  -2,  -3,  -lib,  -12b,  -2b,  -3b,  D-l  and  D-2  (Bef. 
Figure  28)  were  received  in  the  aolution  treated  condition.  Heat  treat 
procedurea  uaed  in  preparing  teat  apeclnana  are  deacribed  in  Table  VII. 

Argon  protective  atmosphere  waa  uaed.  Specimen  numbers  MPA-1 
and  MPA-2  (Ref.  Figure  28)  were  obtained  from  mill  annealed  stock.. 

Specimen*  for  Metallurgical  evaluation,  numbers  llw  and  12w  of 
Figure  29,  ware  cut  fraa  explosively  famed  teat  cylinder  a.  Speciaena 
-20c  and  -21d  of  Figure  29  were  cut  froa  flat  tenelle  coupona. 

b.  Teat  Evaluation 

Study  reeulta  of  6AL-4V  titanium  weld  evaluatlone  are  aa  follows: 

Sections  of  flat  tensile  apeciaena  and  exploalvely  formed  6  inch 
disaster  test  cylinders  (8;.  expansion)  were  obtained  for  attallagraphlc 
examination  of  the  weld  beeds,  fusion  sons*  and  beat  affected  areaa .  Semples 
were  prepared  fraa  weld  joints  nade  with  cceanrc  tally  pure  and  6al-4v 
titanium  alloy  filler  wire. 

Evaluation  disclosed  speclasna  cut  fraa  explosively  famed  cylinders 
had  wider  heat  affected  and  fusion  tones  due  to  inadequate  contact  with  the 
copper  backup  bar.  A  notable  reduction  of  tone  width  is  shown  for  flat  aheet 
tensile  apeclnana  where  intimate  contact  with  the  backup  bar  p-ovlded  good 
chilling .  Ccaparlson  of  Figure  29  aheet  1  with  sheet  2  and  c caparison  of 
Figure  29  aheet  3  with  sheet  h  shows  6AL-4V  filler  wire  provided  e  mere  uni¬ 
form  grain  else  distribution  across  the  weld,  finer  grains  within  the  heat 
affected  tone,  and  greater  ductility  than  tha  commercially  pure  filler  metal. 

c.  Test  Results 

As  a  result  of  these  test  sad  observations  during  explosive  form 
test,  6AL-4V  alloy  veld  rod  and  anneal  te^wreture  of  1500*F  was  selected 
for  study  hardware.  Detail  instructions  on  weld  end  beat  treat  processes 
were  written  and  issued  la  LTV  Engineering  Department  Specification  Code 
11B13,  Mo.  308-17-6. 
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6AL-4V  TIT  AHUM  HEAT  TREAT WTT 


-20  C  FL  AT  TENSIL  SPECIMEN 


4. 


OCTUWU.  MDOCUP  TE9T8 


a.  Structural  Hookup  Design 

Th«  structural  mockup  was  deal  good  to  provide  a  means  of  measuring 
radial  deflection  of  the  «s*i nearing  nodal  Class  (X-XX)  shall  undsr  band  pre¬ 
load.  An  actual  explosive  f oread  shall  component  was  fittad  with  a  splndls 
and  four  internally  located  dial  gaga  a.  The  gagas  wars  supported  from  the 
splndls  at  90  dagrea  angular  spacing,  with  radial  sUgnsenl  of  sensor  rods. 
The  sansor  rods  contacted  the  ins Ida  aurfacs  of  tha  shall  at  tha  cents r- 
plane  of  ths  BOOS.  Access  holes  ware  provided  through  the  splndls  and 
plates  to  allow  initial  setting  and  reading  of  ths  gagsa  at  any  hand  winding 
stage,  (haf.  Figure  30) 

Ths  aatbod  of  mounting  ths  shell  on  ths  spindle  allowed  free  de¬ 
flection  of  the  NCOS  area.  Consequently,  ths  nockup  also  served  as  s  test 
structure  for  observing  any  exceedence  of  shell  buckling  strength  under  bend 
preload. 


b.  Test  Procedure 

A  winding  tensioning  schedule  was  prepared  for  and  conditions  of 
15,000,  25,000  ,  35*000  and  40,000  uniform  pretension.  Deflection  readings 
were  called  for  at  each  10  percent  increment  of  area.  For  this  purpose 
trial  rune  were  made  to  establish  the  mmber  of  turns  to  build  tha  rit*s  to 
full  depth.  A  photograph  showing  the  winding  setup  ia  shown  in  Figure  31. 

c.  Test  Results 

Deflection  readings  of  tha  dial  gages  ms  converted  to  strain  per 
psi  of  nonr  il  hand  load,  which  was  known  frees  ciaiuletlvw  filament  turns  at 
known  tensions.  A  foundation  modulus  of  3.49  R  10"6  (in/psi-noreal)  was 
determined  for  the  dess  I  end  II  shells,  nils  value  was  in  excellent 
agreement  with  calculated  value  by  the  FKTS  computer  routine. 

There  was  no  indication  of  yielding  or  buckling  of  the  shell  under 
the  constrictive  band  lead  from  a  40,000  psi  winding  tension. 
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FIGURE  30  STRUCTURAL  MOCKUP  SPINDLE  FOR  CLASS  Ml  VESSEL 
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FIGURE  31  STRUCTURAL  MOCK-UP  OF  WINDING  SETUP 


3BCTX0B  V 
FABRICATION 


1.  KXFL0SXV8  tOSH  PROCSSS 

a.  Fabrication  of  Ola 

The  explosive  form  dia  vaa  designed  aa  an  inoar  split  f  weals  dia, 
an  cxtamal  cylindarical  caaa  and  two  end  loading  collars.  All  parta  ware 
na chined  from  heavy  wall  steal  praaaura  vassal  tubing  of  SAX  335  PL  alloy. 

The  split  dia  was  internally  ea chined  to  the  contour  described  in 
Figure  9.  An  Interference  fit  between  the  external  surface  of  the  die  and 
its  restraining  oase  was  assured  by  a  two  degree  diassstrical  taper.  Axial 
preload  of  the  cylindrical  titaniua  blank  was  provided  by  sixteen  bolts 
through  each  poller  and  threaded  into  the  end  faces  of  the  case.  Ry  weens 
of  prescribed  bolt  torques,  a  controlled  cosipre salve  force  was  developed 
between  the  collars  end  the  end  face  a  of  the  cylindrical  blank. 

Early  trials  showed  a  tendency  to  over-form  the  node  radius.  The 
'  lal  preload  on  a  partially  forced  part  caused  an  inward  redial  load  at 
the  nodal  plane.  This  •  tract  was  negated  by  installing  an  internal  support 
ring  in  the  nodal  plane.  Sing  installation  was  made  after  firing  the  second 
explosive  charge. 

b.  Forming  Procedure 

Beginning  of  the  explosive  forming  operation  la  shown  in  Figure  32 
as  the  placement  of  the  cylindrical  blank  into  the  split  die.  Figure  33 
sh  •*.  the  die  completely  assembled  and  in  process  of  end  loading  the  cy Un- 
dr  1  blank.  Figure  3a  shows  ths  prism  cord  explosive  charge  suspended 

alon  ,'a#  cylindrical  axis.  An  explosive  formed  specimen  is  shown  being 
removed  from  the  die  in  Figure  3?. 

Forsing  was  accomplished  in  three  stages.  After  each  flaring,  the 
end  loading  dropped  off  since  radial  expansion  caused  shortening  of  the  pert. 
Btaguv.  Jhe  forming  operation  allowed  retorque ing  to  maintain  a  High  and  load 
during  the  application  of  the  explosive  pressure  wave.  Optimum  procedure 
was  found  to  be  75  foot  poinds  of  bolt  torque  and  an  explosive  charge  of  50 
grains  par  foot,  lbs  part  was  annealed  after  each  firing. 

o.  Inspection 

Distribution  of  wall  thickness  in  the  completely  formed  part  is  t 
given  in  Figure  36.  Maximum  reduction  occurred  in  the  seem  weld.  X-ray  end 
dyt  penetrant  inspection  disclosed  several  half  inch  long  cracks  in  two  of 
six  parts,  within  ths  fusion  veld  sone  inner  surface,  at  the  location  of 
maximal  expansion.  In  these  cases  the  cracks  wart  approximately  .005  inches 
deep  and  were  removed  by  localised  grinding  and  polishing.  Final  ground 
thickness  exceeded  minimus  thickness  from  forming  so  repair  by  local  re¬ 
welding  was  not  required. 
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FIGURE  32  LOADING  CYLINDER  BLANK  IN  EXPLOSIVE 
FORM  DIE 
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FIGURE  33  LOADING  AXIAL  PRECOMPRESSION 


74 


FIGURE  34  PRIMACORD  AND  MODE  SUPPORT  RING 
INSTALLED 


FIGURE  35  REMOVAL  OF  EXPLOSIVE  FORMED  PART 
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route  at  TttacMes  survey  a f  explosive  formed  part  (sheet  i> 


2.  FORMING  PROCESSES 


a.  Titanium  Hemispheres 

The  6AL-4V  titanium  alloy  hemispherical  and  closures  for  the  Class 
(I-n)  engineering  models  were  draw  formed,  from  annealed  sheet  cut  Into  20 
inch  diameter  blanks.  For  this  purpose  an  existing  punch  and  draw  ring  was 
modified  and  equipped  with  gaa  jets  and  manifolds  for  forming  at  elevated 
temperatures.  Oas  flames  applied  to  the  outer  diameter  of  the  draw  rirg 
and  pressure  plate  was  used  to  maintain  a  1200°F  temperature.  A  punch  tem¬ 
perature  of  1000°F  was  maintained  by  radiation  from  the  draw  ring  and  pres¬ 
sure  plate.  Temperature  measurement  was  made  by  four  thermocouples  at  90 
degree  spacing  in  the  drew  ring  and  two  thermocouples  inserted  in  the  top 
of  the  punch. 

The  draw  operation  was  made  in  three  stages.  Three  .125  Inch 
thick  blanks  of  301  CR3  were  initially  stacked  above  the  titanium  blank. 

When  the  draw  progressed  to  the  point  of  interference  between  the  stock 
and  the  draw  ring,  the  top  cover  blank  was  removed  and  the  draw  continued 
to  the  next  position  of  interference.  The  cover  blank  adjacent  to  the  part 
was  retained  through  the  complete  draw  in  ordar  to  minimise  scouring  of  the 
titanium  surface. 

Maximum  thinning  of  the  part  occurred  at  the  apex.  Variation  in 
thickness  of  s  typical  part  is  shown  by  the  measurement  survey  in  Figure  37. 

b.  17-7PH  Steel  Hemispheres 

The  12  end  17  inch  diameter  hemispheres  for  the  Class  III  engineer¬ 
ing  model  were  draw  formed  from  annealed  sheet  at  room  temperature.  The  high 
ductility  of  annealed  17-7PH  material  permitted  complete  draw  in  one  stage. 

c.  17-7FH  Nodal  Section 

The  nodal  section  was  stretch  formed  at  room  temperature.  Due  to 
the  small  diameter  of  the  part,  the  grips  of  the  ra dial-draw- fbrm  machine 
interfered  with  each  other  at  140  degrees  of  segment  angle.  This  machine 
limitation  required  three  segments  to  make  up  the  360  degrees  of  the  nodal 
section. 

3.  WELDING  METHODS 
a.  Titanium 

All  titanium  welds  assembling  the  Class  (I-II)  vessels  were  in  ac¬ 
cordance  with  MSD-T  Engineering  Specification  Coda  Identification  No.  11813. 
6AL-4V  titanium  welding  wire  was  used  in  all  joints.  Special  holding  fix¬ 
tures  were  fabricated  for  adaptation  to  an  automatic  TIG  welding  machine. 
These  fixtures  provided  copper  rings  end  an  internal  inert  gae  atmosphere. 
Weld  schedules  were  established  by  trial  welds  of  real  assemblies  and 
evaluation  of  welds  by  x-ray  and  dye  penetrant  inspection  and  metallurlglcal 
measurement  of  the  heat  affected  cone. 
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FIGURE  37  THICKNESS  SURVEY  OF  DRAW  FORMED  PART 


b.  17-7PH  Steel 


at  Ml  rod  la  accordance  with  specification  1BCL-W-8611.  Spools!  fixtvm 
ware  uood  to  provide  line nsloml  gligosant  sad  su  1  atonal  Inort  gas  ataos 
phere  (Raf.  Figure  36)*  The  aeaeahlcd  ah«ll  la  shown  in  Figure  39. 


Wald  Inspection 


Titanlun  and  ataol  wal  manta  were  inspected  to  equivalent  requ-re- 
nanta  of  acceptance  specification  MXL-B* 11*486,  Wald  Standard  U.  Since  all 
phase  t  hardware  was  for  teat  purposes,  Minor  defects  wara  bought  off  by 
englnaaritm;  crawl  nation  sod  notation  to  assure  their  consideration  during 
evaluation  of  test  results. 

Teaperature  naasurawenta  wara  Bade  during  a  trial  weld  of  a  Class 
II  Vassal  Joint  with  a  wound  band  in  place.  Temperatures  developed  at  the 
band  location  were  given  ir-  r\mre  40,  TrSv*  »  *at  proved  feasibility  of 
welding  prewound  nodules. 

4.  WINDING  PROCEDURE 


a.  Winding  Equipment 

Balnfhroe— at  bands  were  wound  with  20-end  S901  filament  glass  at 
a  constant  20  lb.  tension.  This  corresponds  to  a  filaneot  tensile  pre stress 
of  37*000  psl.  Tensioning  load  during  winding  was  controlled  by  an  Entec 
Modal  728  electrical  controlled  tensioning  device. 

b.  Claes  (I-H)  Engineering  Models 

A  special  winding  fixture  was  developed  to  provide  aide  plates  so 
the  angled  sides  of  the  band  could  be  wound  to  finished  dimensions.  This 
winding  set  up  la  dhown  in  Figure  4l.  A  finished  nachine  cut  was  aade  on 
the  outside  surface  after  cure  in  order  to  provide  e  concave  surface  to 
final  ill  nan  al  nnw 

o.  Class  I& 

* 

This  band  was  wound  la  two  atop*  without  use  of  nold  plates.  A 
fifty  percent  excess  of  fiiawiat  wraps  was  required  to  provide  e  leveled 
fill  of  sufficient  depth  to  allow  nschiniag  a  concave  surface  to  final 
dimension.  To  avoid  risk  of  budding  the  shall  under  the  high  eulaative 
preload  of  the  total  wrapt*  half  depth  was  wound  and  cured  before  winding 
the  reminder.  The  winding  operation  is  ribown  in  Figure  42. 


FIGURE  38  ENGINEERING  MODEL  CLASS  III  IN  WELD  FIXTURE 
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FIGURE  <1  ENGINEERING  MODEL  CLASS(l  -  llJlN  WINCING  LATHE 
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1.  OBJECTIVE 

The  objective  of  tbs  teat  was  tc  measure  deflection  and  strength  of 
88  FY  Engineering  Models. 

2 .  TEST  8IBCD— 

Specimens  ccmalat  of  two  Class  (I  -  II)  Engineering  Models  and  two 
Class  HI  Engl osarlng  Modal  pressure  vassals.  The  Class  (I  -  II)  Engineering 
Nodal  was  as da  of  6AL-4V  titanium  with  a  8-901  fiber  glass  filsasnt  sound 
band  (Asf.  Figure  43).  Tbs  Class  IH  Engineering  Models  sera  made  of  17-7  Hi 
rorroau-.n  reslstno**'?  ntcel  with  the  S-901  filaaant  band.  Series  I  and  II 
In  the  ‘  '  lloslng  discussion  designates  the  order  of  vassal  manufacture  for 
each  class. 

3.  TEST  SETUP 

An  optical  comparator  was  used  to  make  point  and  profile  deflection 
measurements •  This,  ms chine  projects  a  low  power  magnification  of  the  test 
specimen  profile  and  la  equipped  to  measure  deflection  displacement  b>  use 
cf  a  vertical  and  borlsontal  mievometer  drive  of  the  test  specimen  support 
base.  Tbs  apparatus  la  shown  in  photographs  of  Figures  44,  45  and  46. 

Bydraullc  fluid  was  used  aa  a  prasaurisation  medium. 

4.  TEST  PROCEDURE  AMD  RESULTS 

Each  vessel  was  proof  testsd  prior  to  placement  on  tbs  comparator  for 
deflection  measurements .  For  safety  purposes ,  vessels  ware  proof  tested  to 
pressures  300  to  400  pal  greater  than  maximum  pressure  to  be  applied  during 
da flection  measurements . 

s .  First  Tnrn.il  wan 

The  Engineering  modal  designated  Series  I,  Claes  I,  failed  during 
proof  teat  on  19  June  1967.  That  pressure  of  1500  psi  was  sustained  for 
30  minutes.  The  teat  proof  pressure  of  l6>0  pal  vaa  than  sustained  for 
20  minutes,  at  which  time  the  weasel  failed.  Failure  occurred  in  the  weld  as 
abeam  in  photographs  of  Figures  47  and  46.  Metallographic  examination  and 
hardness  traverse  survey  of  the  weld  determined  failure  was  due  to  atmospheric 
contamination  of  the  weld .  Beninese  readings  indicated  gross  atasoepheric 
pickup  of  oxygen,  nitrogen  and  possibly  hydrogen  due  tc  lose  of  inert  gas 
shielding. 

b.  Second  Specimen 

Engineering  model  Series  I  of  Class  III  was  tested  on  21  June  1967. 
During  proof  test  pressurization  at  200  psi,  aa  abnormally  small  increase  in 
pressure  with  each  punping  stroke  was  cbaracteriaitc  of  shall  failure  under 
the  band,  although  leakage  was  not  visible.  Pressure  was  stabilised  after 
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FIGURE  44  TEST  VESSEL  POSITIONED  ON  OPTICAL 
COMPARATOR 


FIGURE  45  MAGNIFIED  IMAGE  OF  TEST  VESSEL  BAND 
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FIGURE  46  MAGNIFIED  IMAGE  OF  TEST  VESSEL 

PROFILE  AND  ADJACENT  NOTCHED  SCALE 


FIGURE  47  FIRST  TEST  VESSEL  AFTER  BURST 
FAILURE 


FIGURE  48  LOCATION  OF  INITIAL  FAILURE  IN  FIRST 
TEST  SPECIMEN 
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buildup  due  to  blockage  of  flow  through  the  fracture.  At  1200  pal  the  fluid 
began  to  leak  from  underneath  the  band.  Examination  of  the  vessel  (band 
removed)  disclosed  a  half  inch  crack  serose  the  weld  joining  the  12  inch 
sphere  to  nodal  band.  The  crack  was  normal  to  the  circumferential  direction 
of  the  band.  Attempts  to  repair  the  failure  by  welding  were  unsuccessful. 
Tests  were  discontinued. 

c .  Third  Specimen 

The  Series  II,  Claes  I  was  testsd  during  tha  period  23-28  June 
1967.  This  vessel  wa a  first  proof  tested  for  30  minutes  at  1500  pel. 
Following  this  proof,  the  vessel  was  taken  to  the  comparator  for  deflection 
measurements,  at  1200  psi .  Deflections  of  the  bend  and  maximum  sphere 
were  measured  adjacent  to  tne  fiber  glass  band.  The  viewed  section  extended 
a  distance  of  1.5  inches  along  the  surface  of  the  sphere.  Measurements  were 
converted  to  strain  by  dividing  deflection  by  the  original  diameters. 

Pressure  vs  strain  is  plotted  in  Figure  49,  sheet  1,  2,  3  and  4.  A  second 
proof  teat  pressurization  to  1000  psi  was  next  completed  after  which  profile 
deflection  measurements  were  mads  up  to  1500  psi .  A  plot  using  this  data 
is  given  in  Figure  50.  A  final  proof  test  to  2200  psi  was  then  carried  out, 
’ollowed  by  deflection  measurements  to  1800  psi.  Test  results  are  given  in 
Figure  51,  sheet  1  and  2. 

In  the  subsequent  test,  pressures  were  increased  to  determine 
burst  strength.  Burst  failure  occurred  at  2760  psi.  Predicted  burst  failure 
van  2800  psi  based  on  measured  minimum  wall  thickness  and  weld  strength 
reduction  at  the  origin  of  fracture.  The  point  of  failure  was  at  a  welded 
pressure  fitting.  Photographs  of  the  failed  vessel  or*  shown  in  Figures  52, 
53  and  54. 


d .  Fourth  Specimen 

On  10  July  1967,  the  Series  II  vessel  of  Class  III  failed  at 
920  psi,  during  proof  test  pressure.  Failure  was  confined  to  the  circumferen¬ 
tial  we  d  joining  the  two  larger  hemispheres .  The  nature  of  the  fracture , 
shown  in  Figures  55  and  56,  indicated  weld  embrittlement. 

e .  Fifth  Specimen 

The  failed  Series  T,  Class  III  vessel  (ref.  paragraph  b  above) 
was  salvaged  by  cutting  out  the  leaking  nodal  section  and  welding  the  segment 
together  to  form  an  angular  joint .  The  vessel  was  heat  treated  to  the 
1075°F  condition  followed  by  rewinding  the  reinforcing  band.  Burst  test 
was  conducted  on  25  August  1967.  Failure  occurred  at  1300  psi  and  appeared 
to  initiate  under  the  bend  and  progresied  to  the  great  circle  welds  of 
both  segments.  All  fractured  surfaces  indicated  brittle  material  properties. 

f.  Sixth  Specimen 

The  Series  II,  Class  III  veesel  (ref.  paragraph  d  above)  was 
repaired  by  rewelding  the  failed  great  circle  weld  in  the  17  inch  segment. 
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FIGURE  52  THIRD  SPECIMEN  AFTER  BURST  FAILURE 


FIGURE  53  THIRD  SPECIMEN  ORIGIN  OF  FAILURE 


FIGURE  54  THIRD  SPECIMEN  FAILURE  ARREST  BY 
REINFORCING  BAND 
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FIGURE  55  FOURTH  SPECIMEN  AFTER  BURST  FAILURE 


FIGURE  54  FOURTH  SPECIMEN  CLOSE  UP  OF  FAILURE 
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It  was  then  heat  treated  to  1075  condition  and  rewound.  Bulat  ttst  was 
conducted  on  22  August  1967-  This  teat  was  intended  to  evaluate  differences 
with  and  without  nodal  section.  However,  failure  occured  at  1000  psi  by 
brittle  fracture  of  the  repaired  joint. 

5.  EVALUATION  Of  TEST  DATA 

a.  Shell  Remote  Prom  fand  (Class  I  -  II) 

Test  data  was  applied  to  reconstruct  design  conditions  shown  in 
Figure  57.  The  soilid  portion  of  curves  1  and  2  are  based  on  test  measure¬ 
ments  reported  in  Figure  51.  ^Curve  1  of  Figure  57  shows  an  elastic  stiffness 
parameter  (  £  s/f  »  17.5  x  lO^).  When  this  value  is  fitted  to  design 
formulae : 


e8/f 


CG_ 

/8  f 


2  t  E8 


17.5  x  10 


-6 


An  apparent  average  shell  thickness  is  calculated  as: 


t  =>  (  6 _ )  =  .0715"  (Average) 

2  x  17.5  x  24 

This  is  in  agreement  with  measured  thicknesses  given  in  Figure  36.  An  average 
of  100  percent  of  nominal  (.070  inches)  is  reported  except  for  a  localized 
zone  near  the  weld  seam.  Test  measurements  were  made  for  a  diameter  90  degrees 
to  the  weld  seam. 

The  extrapolated  portion  of  curve  2  is  based  on  typical  1:1  biaxial 
stre-s  strain  vriu-rs  for  a  local  thickness  of  .060.  This  would  predict  a 
burst  pressure  of  3375  psi,  neglecting  weld  effects  which  correspond  to  a 
p^oof  pressure  of  3375/1.5  !I  2250  psi. 

(.■he  weakest  point  is  located  at  :he  welded  port  fitting.  Shell 
thickness  ut  this  location  was  measured  as  .060  inches  (Ref.  Section  V). 
Applying  a  weld  reduction  value  of  135  ksi  «=  .8.  Predicted  burst  based  on 
analyses  is  then:  lookdi 

?B  -  .80  x  3381.7  -  2705  psi 

This  agrees  with  a  measured  burst  pressure  of  2760  psi. 

b.  Band  (Class  I  -  I) 

Extrapolating  of  curve  2  to  burst  load  (point  A)  shows  a  maximum 
measurable  strain  of  13*75  x  10”*-.  This  corresponds  to  an  increment  band 
strers  cf  123,750  psi  Total  band  stress  must  include  the  prestress  of 
UO.OOO  (Curve  3)  introduced  by  filament  tension  control  during  winding.  Tcta' 
band  stress  at  burst  is  th"n  163,750  psi  which  is  in  good  agreement  with  the 
171,680  psi  based  on  analysis  of  Section  III. 
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FIGURE  57  DESIGN  CONDITIONS  BASED  ON  TEST 


Shell  Local  To  The  Band  (Clan  I  -  II) 


c . 


Curve  3  of  Figure  57  shows  strain  relation  between  the  band  and 
the  underlying  shell.  P0  is  the  pressure  at  which  F0  loading  of  underlying 
skin  is  cancelled.  The  slope  of  the  measured  band  strain  versus  Internal 
pressure  is: 

^b/P  -  4.09  x  10'  5 

A  band  prestress  of  40,000  psi  relates  to  a  prestrain  of: 


fj ob  ■  40_si.  -  4.44  x  lO-^ 
Eb  9  x 


Then 

p  n  x  *  1083  psi  which  is  shown  as  point  B  on 

0  09 

Figure  57* 


Underlying  shell  stress  at  proof  pressure  is  found  by  projecting  from  point 
(D)  on  curve  3  to  the  equal  strain  point  (E)  on  the  shell  curve  1.  Then 
projecting  horizontally  it  is  shown  that  shell  stresB  at  proof  pre ;sure  is 
less  than  yield  value. 


d.  Evaluation  of  Test  (Class  III) 


Data  from  Class  III  vessel  tests  allowed  no  conclusion  on  effects 
of  the  SSFV  features .  The  Second  and  Fourth  Specimens  had  been  heat  treated 
to  1050  condition  which  corresponds  to  a  biaxial  ultimate  tensile  strength 
of  230  ksi.  Maximum  sustained  pressure  (without  leaJcag  )  was  900  psi  which 
represented  24  percent  of  ultimate  tensile  stress  for  the  shell.  The  repaired 
specimens  were  heat  treated  to  a  1075  condition  which  corresponds  to  a  biaxial 
ultimate  tensile  strength  of  210  ksi.  Maximum  sustained  stress  was  38  percent 
of  ultimate .  In  all  four  tests  (paragraph  b,  d,  e,  f  above)  extreme  notch 
sensitivity  of  the  material  and  the  presence  of  minute  manufactured  flaws 
masked  any  significance  to  3SPV  features.  No  further  attempt  was  made  to 
improve  performance  of  the  17-7  ph  steel  since  it  had  been  planned  to  replace 
it  in  phase  II  with  the  6AL-4V  titanium. 

6 .  CONCLUSIONS 


This  evaluation  of  test  data  on  6AL-4V  titanium  designs  show  SSP7 
structural  characteristics  can  be  accurately  prediced  by  the  design  procedure 
of  Section  VII  paragraph  3. 

Good  agreement  between  load  deflection  data  and  theory  shows  strain 
compatibility  objectives  are  satisfied  by  the  derived  design  methodology. 

Annealed  6AL-4V  titanium  SSFV  shells  will  sustain  burst  pressures 
corresponding  to  material  ultimate  stress  when  fabricated  to  developed 
manufacturing  standards. 
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This  criteria  furnishes  design  aids  on  aepaented  sphare  pro  a  aura 
vaaaala.  Kffaeta  and  intaraetiona  of  88W  design  parameters  ara  daacrlbad 
by  derivation  of  nathodolofy  analyaaa  of  variable  paraaatara  and  data 
preaentation  showing  daalfn  trenda  for  aaxlaixirig  structural  parforaanoa. 

Design  paraaatara  on  aaehanloal  and  geometric  properties,  part inant  to 
tha  88PV  atruotural  parforaanoa,  ara  oomblnad  whan  tara  oonaolidation  batter 
defines  the  real  daaign  option*. 

Data  handling  la  alapUflad  by  general  uae  of  non* dimens ional  tarns . 
Development  of  theory  and  parameter  evaluation*  ara  treated  under  three 
categories  of  methodology: 

o  Ifcthemetical  Model*  on  Preasura  Vessel  Efficiency 
o  Mathematical  Model*  on  Band  Optimisation 

o  Streaa-atrain  Analyses  of  Band  and  Shall  Composite  Structure 

2.  MATHEMATICAL  MODEL  FOR  DESIGN  PARAMETER  OPTIMIZATION  (DPO) 

This  mathematical  modal  (DFO)  la  written  as  a  digital  computer  routine. 

s .  Generalities  of  Method 

Effects  of  design  variables  ara  quantitatively  rated  by  uae  of 
the  pressure  vessel  efficiency  index: 

w  -  pb  y 

1  (w*  +  W*>)  (2.1) 

Msmbrane  analysis  applies  to  the  extent  that  bending  stresses  are 
assumed  to  be  negligible.  However,  the  biaxial  stress  state  at  all  loads 
for  the  shell  underlying  the  band  is  based  on  strain  compatibility  inclusive 
of  Pol as ion’ e  effects,  that  is: 

€bV.£b  (22) 

Given  a  set  of  quantities  for  shall  and  band  materials  and  a  sat  for 
S8PV  geometry,  dependent  variables  need  be  determined  for  minimum  band 
weight.  These  dependent  variables  are: 

o  bend  stress  at  burst  preasura 
o  bend  stress  at  aero  pressure 

o  band  cross  section  area 


wf 


Ibe  theory  includes  tbs  following  boundaries: 


A  :\h  ■ 


s  9m  fUasMst  tossioalag  stress  during  winding  of  tfca  band 

■not  not  mwK  e  nwt—  olloeebls  boa Ml  on  fNjring  of 
tb*  rowing  or  buckling  of  tbe  aboil. 


b 

o 


<*3> 


o  9m  bond  stress  ot  burot  pressure,  bo  sod  on  stroln  eoNpoti- 
bility  condition,  oust  not  exceed  tbs  boat  ultiaato  atroaa. 


< 


•*< 


<«.**> 


o  9m  bond  stroin  ot  burst  prossuro  oust  not  exceed  oaxlnua 
elongation  of  tbo  aboil  notorial. 


Cb-€u  (2 

o  9m  shall  stress  ot  proof  prossuro  oust  net  oxoood  shall 
tutorial  ]ioU  atrosa. 


(2.6) 


9m  consists  expression  for  Equation  2.1  is  dorived  in  Appendix  I 
and  is  given  in  Equation  2.7. 


The  aothodolc^y  in  computing  Jf  satisfies  all  boundary  conditions 
for  loot- stroin  compatibility  botvoon  the  bond  and  underlying  shell  at  proof 
and  burst  pressure.  Stroln  conditions  for  the  initial  trial  ore: 
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(29) 


and 


ebP-  Ef-  el 


(2.10) 


Since  tha  atresa-strain  plot  of  moat  filament  natarlala  la  linear  fro*  saro 
■treat  to  tenaile  failure,  tMa  first  aat  of  strain  points  completely  defines 
tha  load- strain  line  for  tha  band  as  Indicated  by  line  (a)  of  Figure  58. 

If  this  line  satisfies  the  conditions  of  Equations  2.3  through  2  6  the  first 
set  of  strain  points  is  valid.  Otherwise ,  £  **  is  llsearded.  For  tha 
cast  when  !$  is  exceeded  its  value  la  used  to  complete  the  second  trial  set 
of  points  defining  the  new  band  load  strain  line  (b  of  Figure  58).  That 
is:  Cl  ■  e  P  "  £§•  —  is  on  this  basis  the  prestrese  of  the 

band  at  xero  pressure  is  computed-  If  Equation  2.3  is  violated  a  third  oat 
of  points  it  required  That  is:  (Tj  ■  F  B,  ££  "  v  c  of 

Figure  58).  On  this  basis  the  maximum  bena  stress  <J»  ?“l*  computed.  The 
arrived  values  of  <r  eb  end  xr  are  sufficient  to  define  the  band  cross 
section  area.  The  fiiml  value  for  Q*  ^  is  entered  Into  Equation  2.8  for 
computation  of  the  pressure  vessel  efficiency  index  (  )f£  ). 

c.  Digital  Computer  Program 

The  mathematical  model  logic  described  is  arranged  in  Figure  59» 
60  end  61  as  written  into  7090  digital  computer  routine. 

d .  Data  Mode 


In  the  efficiency  comparisons  it  was  deemed  advisable  to  group 
parameters  in  a  manner  definitive  of  real  materials.  These  groupings  are 
given  in  Table  I  which  also  presents  the  matrix  of  evaluated  band  and 
shell  material. 


This  matrix  also  shows  the.  manner  of  varying  other  vessel  load 
and  geometry  parameters.  These  are:  design  burst  pressure,  ratio  of  design 
proof  factor  to  design  burst  factor  and  segment  angle  which  defines  the 
ratio  of  band  inside  radius  to  tha  exterior  shell  spherical  radius. 

3.  MATHEMATICAL  MODELS  FOR  ACHIEVEMENT  OF  MEMBRANE  CONDITIONS  (AMC) 


a .  Generalities 


Band  cross  section,  required  for  strain  compatibility  with  the 
shell,  is  diminished  with  increased  band  preatreei.  The  upper  limit  on 
band  preetress  is  set  by  one  of  the  following: 

o  Maximum  tensioning  capability  of  tha  winding  equipment 
o  Tension  causing  fraying  of  the  silament  roving 


ior? 


"g,  »^p 


FIGURE  tf  MATH  MODEL  EMIT  I  COMPUTES  LOGIC 
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*  IS  OPTIMUM  FOR  EACH  SET  OF  MATERIAL 
AND  CONFIGURATION  CONDITIONS  AS 
COMPUTED  BY  MATHEMATICAL  MODEL 
PART  I 


FIGURE  41  MATHEMATICAL  MODEL  PART  II 


o  Buckling  atrength  of  the  shall  under  bond  pralood 
o  Ultimate  stress  i  i  tba  f ilaaant  at  burst  praaaura . 


An  Upper  limit  uf  **5*000  pel  tensile  (if«i(  la  used  in  tain 
study  for  8-901  fibs.*  glsaa  baaed  on  -«<■*-  equipment  capability  with  20  end 
roving.  Trial  winding  on  Claaa  (i  •  II)  and  III  shells  showed  fraying  and 
buckling  to  be  non  critical  at  **0,000  psi  and  leaser  tensioning  values. 

Independent  of  the  above  Halting  conditions,  maximum  pretension 
end  minimi*  bend  cross  sectional  area  aay  be  dictated  by  need  to  hold  band 
strain  at  Design  Burst  Condition  to  a  value  not  greater  than  maximum  shell 
elongation. 


Menbrane  conditions  as  used  herein  refers  to  echi :veacnt  of  1:1 
biaxial  loading  and  straes  levels  for  all  points  In  the  shell  node  equivalent 
to  the  pure  membrane  state  in  the  spherical  shell  remote  from  the  band. 

When  the  reverse  curvature  of  the  node  it  described  by  a  constant 
radius  there  exists  a  band  pressure  which  eliminates  any  stress  anomolies  in 
the  pure  membrane  state . 

An  object  of  this  analyses  is  to  sstablish  band  dimensions  which 
achieves  pure  membrane  conditions  at  the  specific  load  corresponding  to 
design  burst  condition.  It  ia  at  this  load  that  shell  strains  have  leest 
reserve  margin  for  secondary  bending  stress  associated  with  deviation  from 
1:1  biaxial  stress  conditions. 

A  third  design  control  concerns  developed  maximum  shell  stress  at 
proof  pressure.  Minimal  band  cross  section  area  objectives  are  favored  by 
designing  for  high  shell  stresses  in  the  load  regime  below  burst  condition. 

The  upper  limit  applied  herein  gives  recognition  to  common  criteria  statement 
that  yield  stress  shell  not  be  exceeded  at  proof  pressure. 

b .  Hit hods 

Band  pressure  "f"  is  applied  over  the  entire  node  up  to  the 
limit  ^  where  transition  to  spherical  radius  R  occurs.  "  f  *l.s  nonuniform 
over  the  angular  range  in  the  direction  of  ^ 

Biaxial  1:1  stresses  at  level  0“  sb  =  C7" 8  •  is  achieved  by 

satisfying  Equation  3-1  which  is  derived  in  Appendix  II.  2t 

f/P  ■  £  /  2  +  (r)'1  - _ Cos  _ \ 

V  ^  I(1  +  5>  -*(C°8*>  (3.1) 

The  expression  applies  to  both  elastic  and  plastic  strain  regimes. 
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Boundaries  of  Real  Co'TiK- ret  i -ms 


Validity  of  Equation  3-1  is  hounded  by  two  geometric  condition# 


o  r/R  >  0 


U 


The  first  condition  is  defined  by: 


(3-2) 


The  second  condition  requirea  that  the  band- shell  Interface  transfers 
normal  compressive  loads  -  never  tension.  This  boundary  ie  demonstrated  by 
the  intercepts  on  Figures  73  and  74  which  are  discussed  later. 

4.  STRESS-STRAIN  ANALYSIS  BY  DIGITAL  ROUTINE  (PETS) 

a.  Generalities 

Ideally,  the  stress  strain  analysis  should  develop  analj  leal 
expressions  for  the  stress  and  strain  at  points  on  a  reinforced  shell  as  o 
function  of  the  internal  shell  pressure,  reinforcing  band  preload,  and  the 
geometric  and  consittutive  parameters  of  the  Bhell  and  reinforcing  band. 

Such  a  complete  analysis  is  impossible  at  present,  for  it  requires  analytical 
solutions  of  the  differential  equations  of  the  problem  and  no  such  solutions 
are  known. 


In  the  absence  of  analytical  solutions  one  must  rely  on  numerical 
procedures  to  solve  the  differential  equations.  This  is  the  case  of  the 
present  study.  Unfortunately,  analyses  based  on  such  solutions  are  necessarily 
limited  in  scope.  The  purpose  of  this  section  is  to  describe,  in  a  general 
way,  the  method  and  limitations  of  the  present  analysis. 

The  basic  method  is  to  obtain  separate  solutions  for  the  band 
and  shell  and  then  to  combine  these  solutions  by  means  of  a  compatibility 
relation.  The  result  is  e  solution  for  the  reinforced  shell.  Obviously,  the 
value  of  the  final  solution  depends  upon  the  compatibility  relation  as  well 
as  the  component  solutions.  The  digital  computer  routine  used  to  obtain  the 
solutions  for  th*  unreinforced  shell  is  discussed  in  paragraph  b  below. 

The  band  to  shell  compatibility  conditions  are  presented  in 
Appendix  III.  Paragraphs  (c)  and  (d)  below  describe  the  scope  of  the 
elastic  and  plastic  analyses  in  the  context  of  the  present  application. 

b .  Methods 

Solutions  for  the  unieinforced  shell  are  obtained  by  use  of 
digital  routine  "PETS"  (Ref.  4),  a  variatioi  of  the  IASL  "BAD"  code  (Ref.  5). 

In  turn,  the  "SAD"  code  is  baaed  on  a  digital  routine  developed  by  AVCO 
Research  and  Advanced  Development  Division,  Willimington,  Massachusetts  (Ref.  6). 
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These  routines  ere  devoted  to  the  solution  of  the  general  differ¬ 
ential  equations  of  equilibrium  of  thin  shells  of  revolution  subjected  to 
rotationally  symmetric  pressure  and  temperature  distributions.  The  motiva¬ 
tion  for  selecting  the  PETS  code  over  competing  solutions  using  finite 
cylindrical  and  conical  elements  is  that  it  yields  a  better  mathematical 
model  of  the  present  problem.  In  particular: 

o  The  PETS  family  has  versatility  comparable  to  a  finite 
element  approach  In  that  it  considers  multi- regional 
shells  -  a  "Region"  being  defined  as  a  portion  of  a 
shall  which  contains  no  discontinuities  in  loading  or 
geometry.  Regions  are  Joined  together  by  appropriate 
"Junction"  conditions, 

o  The  integration  of  the  differential  equations  is  carried 
out  for  each  region  by  a  finite  difference  approach  with 
*  prescribed  integration  interval  on  an  arbitrarily  pre- 
a 'ribed  middle  surface  generator  (Ref.  6  and  8)  (equivalent 
to  a  finite  element  of  arbitrary  curvature). 

o  The  SAD  and  PETS  veraiona  have  the  capability  of  developing 
internally  the  geometrical  data  for  regions  generated  by 
straight  lines  (cylindrical  and  conical  elements)  and  cir¬ 
cular  arcs . 

o  Finally,  the  PETS  code  allows  one  to  prescribe  the  genera¬ 
tor  of  the  geometrical  middle  surface  end  thickness  of  each 
region  in  such  a  way  that  the  generator  of  the  geometrical 
middle  surface  of  the  complete  configuration  of  Interest  here 
(composed  of  circular  area)  ia  a  continuous  curve  with  a 
continuously  turning  tangent  and  the  thickness  is  a  contin¬ 
uous  function  of  the  generator's  arc  length. 

o  This  feature  eliminates  apparent  stress  roncentration  due 
to  imperfections  in  the  geometrical  simulation  or  the  unde- 
fortaed  configuration.  This  is  particularly  important  in  the 
present  analysis,  since  its  primary  purpose  is  the  evaluation 
of  the  secondary  (bending)  stresses  in  ths  vicinity  of  the 
reinforcing  band. 

c.  Scope  of  the  Elastic  Analysis 

For  tha  elastic  analysis,  it  is  assumed  that  both  shell  and  rein¬ 
forcing  band  are  perfectly'  elastic  for  all  values  of  internal  pressure  up 
to  a  well  defined  yield  pressure,  Py.  It  follows  therefore  that  Equation 
(M2)  of  Appendix  III,  relating  the  intsmal  pressure  to  band  pressure 
holds  from  P  ■  0  to  F  •  Py  snd  can  be  rewritten  in  the  form 

f  (P)  -  kf  P  +  fo 

p 

where  f0  is  the  pressure  executed  by  the  band  where  P  ■  0  and  k^  is  a 
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constant  givan  by 
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(4  34) 


In  addition,  ona  can  detaraina  the  stress,  (T  ,  at  any  print  In  the  ahell 
by  means  of  Influence  coefficienta  defined  at  that  point.  That  ia. 


(P,  t)  -  P  <T  p.+  f< 


(4  35) 


Where  p'denotee  the  street  at  the  point  due  to  a  unit  uniform  internal 
pressure  P*,  and  CT S/denotes  the  atrcas  at  the  point  due  to  a  unit  uniform 
external  pressure.  t%  applied  to  the  band-ahell  interface. 

For  a  compatible  band  and  shell,  Equations  (4.33)  and  (4.35)  are 
combined  to  yield 


■8  _  — .  8 
»  P  V  p#  + 


(Pk;*f)Tf. 


(4  36) 


So  that  the  stress  in  the  shell  la  a  function  only  of  the  Internal  pressure, 
P,  and  the  value  of  the  pressure,  f0,  exerted  by  the  band  on  the  shell 
initially  (i.e.,  when  P  -  0). 

The  stress  is  in  the  reinforcing  band, is  assumed  to  be 
uniform  hoop  tension  resulting  from  the  application  of  a  uniform  pressure, 
f  Expllcity 


_  .  .  ftm  f  /  SR5  \ 

\  Ab  /  (4  37) 

Where  Ab  is  the  cross  sectional  area  of  the  band,  and  3  and  measure  the 
length  end  distance  from  the  axis  of  symmetry  of  the  band  chord  The 
corresponding  uniform  hoop  strain  of  the  band  is 


(4  36) 


Where  E  is  the  elastic  modulus  of  the  band. 


Since  the  hoop  strain  in  the  shell  at  point  "A"  (the  low  point 
of  the  nod*)  under  this  assumption  1c 


£a  -p£Vfe& 


(4  39) 


one  can  combine  Equationa  (4  37)  and  (4.38)  and  tha  atrein  compatibility 
Equation  (4  25)  ,  to  yield,  for  tha  conditions  at  P  »  0, 

t,  •  £./(£*-  ££)  (»w 


Equations  (4.36),  (4  3 1)<  (4  38)  and  (4  to)  -iefin*  the  i.tate  of 
stress  in  the  shell  la  terns  of  the  shell  pressure,  P,  end  rein  ore lug  hand 
prestrens,  fl"  “  This  is  the  form  In  which  tit*  equations  are  used  In  the 
design  procedures  described  in  Section  VII, 

The  influence  coefficients  for  the  stresses  and  strains  In  the 
shell  are  determined  by  unit  analysis  of  the  unreinf oread  shell  under  the 
appropriate  loading  condition  using  the  digital  routine  described  in 
Appendix  III.  Tor  example,  the  coefficient  £_  AS,  is  obtained  directly 
frees  the  numerical  solution  of  digital  routine  PETS  for  the  problem  of  a 
■hall  of  the  particular  material  and  geometry  of  interest  loaded  by  a 
uniform  internal  praasure,  P.  The  coefficient  £,  la  obtained  in  the 
same  way  for  a  uniform  external  pressure,  f,  acting  on  the  band-node 
interface 


Examination  of  the  equations  of  equilibrium  solved  by  digital 
routine  PETS  (References  3.4)  make  it  clear  that  although  one  can  combine 
different  solutions  for  the  came  shell,  one  cannot  Indiacriminataly  super¬ 
impose  on  the  solution  of  a  standard  problem,  the  effects  of  variation*  in, 
aay.  Young's  modulus  and  shell  radius,  to  arrivt  at  a  meaningful  solution  for 
a  new  problem  For  while  Equation*  (4  3)  snd  (4.4)  of  Appendix  III  are 
linear  differential  equation*,  they  are  not  linear  in  the  geometric  and 
constitutive  paremeters  of  the  shell  -  so  that  in  ganeral,  their  eolutiona 
will  not  be  linear  in  these  parameters. 

This  is  obviously  »  severe  limitation,  for  it  requires  a  completely 
new  analysis  for  every  change  in  the  geometric  and  constitutive  parameters 
of  the  shell  A*  a  result,  the  design  data  presented  In  Section  Ill  are,  In 
general,  meaningful  only  for  the  particular  configuration  and  material  for 
which  they  were  computed.  There  is,  however,  one  exceptional  configuration 
for  which  limited  general Hat loo*  are  possible . 

In  particular,  it  was  found  that  the  streasea  in  a  configuration 
employing  identical  spheres  ere  independent  of  Young's  modulus,  £.  Har.ce 
the  influence  functions  relating  shell  stress  to  internal  and  band  pressures 
(P,  f)  are  the  same  for  a  given  configuration,  regardless  of  the  value  of 
1 ,  and  the  strain  influs-.ce  function*  for  this  configuration  ara  inversely 
proportional  to  E.  It  follows  tha:  the  stress-strain  relations  for  a  given 
family  of  shells  Is  determined  providing  these  relations  arc  known  for  on* 
value  of  E 


Of  even  greater  importance  is  the  existence  of  a  pur*  membrane 
state  of  stresa  in  the  identical  sphere  configuration.  Tnat  is,  it  is 
possible  to  find  s  vslue  of  ths  ratio  f/P  of  bend  pressure  to  internal  pressure 
st  which  s  pure  membrane  state  of  stress  sxlsts  Moreovsr,  ths  stresa  In 
the  configuration  under  this  condition  is  ths  sens  as  that  of  «  single 
sphere  (identical  to  one  of  component  spheres)  loaded  only  by  the  internal 
praasure,- P.  Explicitly,  at  the  critical  vslue  f/p,  a  uniform  "hydrostatic" 
two  dimension  state  of  stress  sxlsts  (  <T^  ■  VS  m  s),  and  tha  mag¬ 
nitude  of  the  stress  is  * 

9* 3  -  PR/2  t.  (4  4l) 
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If  the  materiel  le  linear  and  Isotropic,  the  strains  arc  given  by 


£.  *  <"•  -  H‘vj  ).g?.  Oj  «nj  -  Hs«r. 


and  it  follows  that  ( QTg  •  m 

3 

where 


>  >  <  £, 


s, 

.  It 


£s  ix  r 


s 


Scope  of  Plastic  8traln  Analysis 


(L  1,3) 
/ 


A  general  plastic  analysis  of  the  segmented  sphere  configuration 
is  not  attempted  her*.  On  the  contrary,  this  analysis  applies  only  to  the 
lndi  tdual  sphere  configuration  and  amounts  to  an  extension  of  the  elastic 
analysis  by  another  linear  analysis  which  also  satisfies  the  band-shell/ 
compatibility  relations 


/ 


It  is  assumed  that  the  shell  material  has  a  stress  strain /curve 
such  as  is  shown  in  Figure  62  The  valuta  (  <Tv.  £  y),  (  <T  u,  &  v) 
refer  to  the  yield  point  and  ultimata  stress  conditions  respectively/  for 
the  pure  biaxial  state  of  stress 


£*  U  >  q-  <*»-<*> 

■¥ 

Th«  linear  constitutive  oarameters  (Ea^,  (E^2»  H Si'i» 

3)  a?s  called  the  elaetlc,  reduced,  end  plastic  modulT  respectively 
For  almplJ city ,  we  tact  •  *(0?  “  K&l  In  this  c*8««  the  influence 

coefficients  for  the  shtlT^orreaponding  t5  E 1&2  »nd  E  M3  8r*  i mediately 
determined  from  those  of  E 

It  is  valid  to  represent  the  band  aa  remaining  elastic  up  to  its 
ultimata  stress  It  is  therefore  elastic  up  o  ultimate  strength  of  the 
ehell  Thue,  If  the  yield  point  in  the  shell  actually  occurs  In  a  membrane 
•  bate,  than  f/P  *  fy/Py  ,n<*  the  band  pressure  internal  preesure  plot  will 
have  the  form  shown  in  Figure  63  That  it,  in  the  elastic  ranga , 

f  -  P  kf  e  f0  (4  U5) 

and  in  the  plastic  range 

f#»PVk3  (4  46) 

where  k3  is  as  in  Equation  (4 . 33 )> 

f*  -  f  -  fy,  ?*  •  V  -  ?Yf  (4  47) 
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With  this  result ,  the  stress,  strain  and  displacement  in  the  plastic 
otate  are  obtained  by  superposition  of  the  valuna  obtained  for  f",  P" 
from  the  plastic  influence  coefficlet.v  vi  the  values  of  theae  parameters 
for  fy,  Py  from  the  elastic  coefficients  Fot  example 

g-s  -  Ty  +  F"  KT  -”,tr  (*•  W) 

£S  •  £y  +  p"  £.  p.E^3  +  f"£fVE^3 

If  the  shell  la  not  in  a  meal-re, n«  state  at  the  onset  of  yield¬ 
ing,  then  the  compatibility  condition,  Equation  (1*  46),  does  not  hold  over 
the  entire  plastic  range  Aether,  Equation  (4  46)  holds  only  for  pressures, 
P,  in  the  range  Pf  4  P  4  T\j  where  Py  is  the  pressure  et  which  the  shell 
becomes  fully  pleetlc,  and  Py  is  the  ultimate  pressure 

One  can  atiU  uee  a  simple  analysis,  however,  by  working  from  e 
fully  plaetle  membrane  state  Let  \ts  ,  Pf  ,  ,  £o  )  denote  such  e 

state  Blnce  the  vslue  of  ?/F  for  tfcl  me  mb  fans  state  la  lndcptndent  of  E, 
one  touct  have 


/*f  •f/f, 

r-1  ''ZZZ  Steu  compatibility  rt-uirtr 

-  vf  • 

where  ko  corresponds  to  the  reduced  modulus  E, 


Hence, 


(4  49) 

(4  50) 


(4  51) 


fk  52) 
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(4  S3) 


Now  the  stress  and  strain  in  this  membrane  state  are  giver.  by 

<1?  -  ry  (<T®,+ f/p  <r  ^) 

C  _f,  /  **  S»  .  ~i  /*  <T  \ 

Cf  •  rf  'tVT1/r 

But  sine*  this  1 •  •  pur*  biaxial  state,  one  must  »l*o  have 
£a  = 

so  therefor*. 


(4  1L) 
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_ A  S  rA  S 

^  r*  >  6  f- 


The  reduced  modulus,  t*  ,  corresponding  to  this  membrane  staL* 
can  be  determined  graphicelly  (or  oy  the  equivalent  analytical  analysis)  as 
follows:  Let  the  curve  0,  Y,  U  represent  the  strain  vs  pressure  plot  for 
a  single  sphere  which  is  identical  to  the  component  spheres,  Figure  64. 

Thus  points  on  this  curve  between  0  and  Y  represent  ideal  elastic  membrane 
strains  in  a  family  of  multisphere  configurations  and  point*  on  the  segment 
Y  and  V  represent  ideal  plastic  strains  Let  the  line  A,  B,  and  C  represent 
the  strain  vs  pressure  plot  of  the  elastic  band  which  is  compatible  with  the 
deformation  of  the  shells  of  the  family  represented  by  0,  Y  and  U.  Then 
these  curve*  will  intersect  at  the  points  B  and  C  These  points  represent 
the  conditions  under  which  a  pure  membrane  state  sen  exist  in  tbs  reinforced 
shell.  Once  either  of  these  points  is  chose,  the  other  one  is  determined 
immediately  from  the  graph  For  a  given  design,  point  B  is  determined  from 
the  elastic  analysis  and  point  C  from  the  graph  The  (train  corresponding 
to  point  C  defines  the  reduced  modulus  E^  . 

The  definition  of  the  parameters  specifying  the  plastic  membrane 
condition  enables  one  to  work  from  this  condition  as  a  standard,  using 
the  clastic  modulus  Thus  as  in  Equatlo-  (4  46) 


f" •  m  p"i  £. 


(4.56) 


•  -  *  »_«■«»  _  a  »  -4  i /I.  1 1  - » V  -  — i 

iu  is  Qiunca  in  Luoaiiod  mo 


f”*  ar  f  .  f  ,  p"1 


P  -  F  - 


(4.57) 


The  stresses,  strains,  and  diaplecementa  in  the  plastic  state  era 
determined  as  In  Equation  (4  48) 

d  *  +  pM*  QT*p.  +  f”*  ® 


£ s  •  ♦  p-  e v*  *  r- 


(4  56) 
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‘i  (MINERAL  DESIGN  INFORMATION  BASED  ON  DK)  ANALYSES 

•  Geitrsl 

Optimisation  of  design  puramctcrB  w*b  investigated  by  use  of  the 
mathematical  model  computer  routine  described  in  Section  III,  Par  2 
The  value  of  the  analysis  result*  it  to  show  efficiency  trend  caused  by 
changing  one  or  more  design,  variables  These  results  are  shown  in  the 
graphs  of  Figure  65  thru  72  Efficiencies  of  segmented  sphere  vessels  is 
compared  with  simple  sphere  vessels  for  litre  materiel  and  load  conditions 
The  generalisations  of  these  analyses  do  not  account  for  weight  increments 
from  welds  end  fittings 

b  Materiel  Properties 

The  most  influential  set  of  design  parameters  is  contained  in 
the  set  of  physloal  properties  describi  ig  an  applied  structural  material 
Figure  65  (Sheet  1-7)  compares  preasura  vessel  efficiency  expected  from 
uee  of  many  feaaibla  combinations  of  shell  and  band  materials,  all  other 
variables  being  coca tent  Since  there  is  no  standard  design  criteria  on 
the  ratio  of  proof  to  burst  pressure,  a  range  of  0  3  to  0  66  is  used  to 
bracket  veeael  efficiencies  associated  Nith  each  combination  of  apeciflc 
materials.  In  general,  the  upper  limit  of  efficiency  1b  associated  with 
Pp/Pg  •  0.3. 

c  Band  1  reasure 

The  effects  of  varying  design  pressure  is  given  in  Figure  66, 
sheet  1  thru  4. 


Ir.  all  cases  the  pressure  variable  i6  defined  as  operating  pres¬ 
sure  and  ie  associated  with  a  design  burst  factor  of  2  25  Lhould  the 
designer  prefer  use  of  buret  pressure  as  a  variable,  the  operating  pressure 
scale  ca ••  he  converted  by  simply  multiplying  its  valuta  by  2.25  The  trend 
shows  decreasing  efficiency  for  increasing  design  pressures 

d  Band  Prcatreaa 

Figures  6v,  68,  and  69  ahow  the  effect  of  band  pres trees  for 
several  highly  efficient  material  combinations  Vessel  efficiency  always 
increases  with  increase  in  band  prartraaa  However,  an  upper  limit  on  pre- 
a trees  is  diuv*4«u  if  ‘.«i  fwllowliig; 

0  Excessive  fiber  frayii.g  from  high  winding  tensions 
0  Buckling  of  the  shell  under  band  preload 
0  Exceeding  band  allowable  tension  stress  at  burst  pressure 

The  designer  will  he  required  to  establish  maximum  winding  tension  by 
trial  using  materials  of  interest  and  shop  winding  equipment. 

Experience  of  this  study  showed  6-901  filament  r,lass  could  be 
tensioned  to  40,030  pel  with  the  Entee  device  without  fraying  The 
engineering  model  shells  displayed  no  buckling  tendencies  under  these 
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PRESSURE  VESSEL  EFFICIENCY  INDEX  (,) 


vmm  a 


preloads  Therefore,  A  prestress  range  of  30  to  45  KSI  it  included  in  the 
graphs  at  feasible  design  values 


e 


Segment  Angle 


|]  A  comparison  is  made  in  Figure  VO  between  a  simple  sphere  and 

jj  segmented  sphere  vessels  with  segment  angle  («c  )  approaching  90  degrees 

There  is  no  distinction  between  a  simple  sphere  and  a  segment  angle  of  0.0 
!'  degrees  Improvement  factor  shewn  is  the  ratio  of  segmented  to  simple 

tj  sphere  efficiency  The  trend  shows  increasing  efficiency  which  corresponds 

['  to  a  uniformly  wrapped  cylinder  Hcwever,  a  buckling  cut  off  is  expected 

; :  since  deterioration  of  stability  derived  from  the  node  cusp  will  prevent 

1  high  filament  prestress  essential  to  efficient  use  of  available  filament 

I ,  materials ■ 


Figures  71 •  sheets  1  thru  3*  present  quantitative  effects  of 
increasing  segment  angle  as  a  function  of  burst  pressure . 

f .  Shell  Thickness  Considerations 

Shell  thickness  may  be  of  interest  as  an  alternate  of  design 
pressure  For  this  purpose  t  is  normalised  with  respect  to  the  spherical 
radius.  R  Effect  of  t/R  on  the  efficiency  is  given  for  several  shell 
materials  in  Figure  72  (sheets  1-4).  The  results  are  similar  to  those  in 
Figure  66  because  of  the  linear  relationship  between  operating  pressure  and 
the  thickness  The  data  ir  either  the  form  of  Figure  u6  or  Figure  72  can 
he  applied  to  estimate  the  effect  of  thickness  tolerance  on  pressure  vessel 
efficiency.  For  example,  asaune  a  system  has  a  nominal  thicknasa  t  and  a 
minimum  thickness  t'.  An  efficiency  7^  is  found  for  t/R.  However,  77 
must  be  reduced  since  the  actual  pressure  is  limited  by  t'.  Then 


This  data  can  also  be  applie  d  to  estimate  the  effect  of  (t/R)  mismatch 
between  two  segments  For  example,  if  segments,  not  necessarily  of  the 
same  radius,  are  mismatched  such  that  (t/R)i  «<  (t/r)2;that  is, <  P2; 
and  the  design  weights  of  each  segmnt  are  and  W2  respectively,  then 
from  Figure  72, 7^  end  1J^2  ar*  readily  found  Since  net  efficiency  is 
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Tte  ainml  rotation  for  net  efficiency  of  *  ays  tea  of  J  er  grants  Otoe  re 
is  the  Lsaxt  raiae,  is: 

iHr).  ■*■  (Hj 


6  a bbml  onzav  UFowogaai  based  or  amc  axazxbzs 

To  achieve  membrane  conditions  throughout  the  nodal  area,  the  stresses 
auat  be  knomn  In  order  to  sake  proper  use  of  ths  bend  Shell  stress  espH- 
float  ion  factors  As  sad  if  sera  derived  (eee  Appendls  If)  as  derations 
of  oouf  tgurstioa  pi  raw*  tare  Yfa  and  r/R  The  amplification  factor  ia  the 
ratio  of  the  actual  stress  to  that  of  a  purs  ranbrsna  stress  which  la  the 
Objective  condition.  Mnrldlan  aaplifleation,  A  *  ,  and  circumferential 

aapllfieatiu.i,  Ag  ,  versus  pa  masters  y/R  and  V/R  ar>  plotted  in  figures 
73  and  A-  The  stresses  were  calculated  at  a  point  where  fillet  angle* 
is  sai-o.  Fros  these  plots  on*  can  see  that  the  circusrtcrentlal  stress  la 
the  crucial  one  at  this  point. 

Band  pressure  to  Internal  pressure  ratio,  f/P,  versus  fillet  angle,  0, 
la  shown  plotted  in  figure  75  (Sheets  l~k)  lech  curve  la  for  a  given  con¬ 
figuration  specified  by  Y/R  and  r/P  The  taerlrnns  fillet  angle  is  the  rngle 
famed  by  a  vertical  radius  line  and  a  radius  line  to  the  point  of  longancy 
of  sphere  and  fillet  Pros  such  data,  the  amount  of  hand  pressure  (and/or 
band  area)  required  for  raabraae  conditions  say  be  determined  An  aaasmla 
is  given  in  Section  HI  figure  75  indicates  that  for  all  values  of  Y/R 
and  r/ft,  ths  band  pressure  increases  as  $  increases  to  maintain  ranferero 
conditions  To  indicate  general  requiramrnta ,  an  average  vales  of  hand 
pxassure  is  given  in  figure  75  as  a  function  of  t/r  and  r/l 

7.  jbmuuul  mam*  data  based  oi  kxs  analysis 

In  vies  of  tha  lMtstln  of  the  espsttr  tins  analysis  wkiofa  mas 
sectioned  above,  there  are  really  only  a  vary  lbs  pa  reset  era  which  can 
ha  generalised  to  oases  otter  than  the  design  awamplea  Buss  war ,  in  tha 
cats#  of  equal  sphere  configurations,  sots*  generalizations  of  data  oan  be 


for  tha  purposes  of  a  general  design,  the  data  presented  in  figure  77 
art  sufficient  to  asaaaa  the  effects  of  secondary  stress  Assumitg  r,  1, 
and  t  era  known,  the  embrane  state  for  the  segeented  sphere  is  defined  by 
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l  I  i 
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RATIO  OF  FILLET  RADIUS  TO  SPHERE  RADIUS  (r/R) 


BAND  PRESSURE  TO  INTERNAL  PRESSURE  RATIO  (l/P) 


FILLET  ANGLE  (<*>',  -  DEGREES 


FIGURE  75  BAND  PRESSURE  TO  INTERNAL  PRESSURE  RATIO  VERSUS  FILLET 
ANGLE  <t>  (SHEET  2) 
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P  MURK  77  DCMGM  PARAMKTIRS  BASO  ON  PITS  AMALYSS 


then  fwa  B/r,  i*  can  obtain  t/p  ahd(T?/tr^  fm  Figure  78  It  followa 
thttr!  and  may  b«  determined.  If  the  gnuun  a.  which  the  Mobrwne 

State  1*  derived* &«  known,  than  f  la  determinate  fro*  f/p  and  therefore; 

Whereof*  is  Poissons'  rat  la  -  knowing  £  one  can  determine  from  the 

k-'own  ratio  £  $/  £,®.  Hence  all  the  information  required  for  tns  amlysls 
Is  determinate  froa  Figure  77  Finally  it  la  noted  that  tha  effecta  of 
shall  segment  thiek^aaoaa  are  easily  ge-arelisad  by  referring  to  a  membrane 
straps  Iti.la  result  is  shown  in  Figure  78 
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IE  STRESS  M 


fflggg  vm 


1. 


In  tbs  Class  in  configuration  the  17-7  TO  stalnl««s  steel  will  be 
replaoed  by  6AL-*»V  titanium.  A  diilga  par— star  of  nJnj  aqual  to  . 5  vill 
bo  uaed  for  all  ays  tew  la  order  to  demonstrate  an  efficiency  improv— a nt 
over  tba  engineering  nodal  dea\gna  based  on  np/ng  •  .666.  In  addition, 
final  shall  thicknasa  *111  ba  chea-atlled  to  eliminate  variations  oausad 
during  forming. 

2.  UEBUOV  OFTOCDEATIOH  BT  ANC  MSTVDD 


Th#  band  load  distribution  aquations  and  ga pastry  paraaatars  for 
Clasaas  I,  H  and  HI  vassals  ara  tba  saw  as  Ran  I  (Btf .  Section  III), 
tba  distribution  aquation  and  paraaatars  ara  listed  be lew: 


f/P  -  1/2  2  4  (r/R)"1 


'  Tl~  r/R)  Y/^rt/HT  Coa  ft 


Class  I  and  II  (rtf.  nature  9)  Class  III  (Hsf.  Maura  10) 


r/R  -  0.9450 

tl/Ri 

-  0.4846 

V«2 

■  0. 

r/R  -  0.1666 

*l/*l 

•  0.1666 

-  0. 

frnx*  19.5° 

3.  MS30* 

f  1  Msx 

-  6l3 

#2  ** 

-  U6 

a.  tba  following  properties  apply  to  the  Classes  I  and  II  vassal: 
6AL-kr  Ti  -  shell  aaterlal 


3-901  Fiber  Glass  -  band  aaterlal 
r0  -  25.000  pal 
np/ng  -  0.5 
f/P  •  3 .47 
t  (nominal)  •  0.055 

t  (minimal)  ■  0.05  in. 

8 

p  -  £  t  t*1”)  r  p  -  o.i  (166.000)  • 

B  R  5-9615 

^  ♦  0-00#  •  0.0062588 


2819  pal 


A  band  pr*  stress  (Fj  of  29*000  pel,  compered  to  *0,000  pel  far  ftu» 

TSSSSlS  IS  M«"< Irt  —>—  njt  fc*.  mmmntmO  u  »<*<■—*■  altaMhU  mg 

200,000°  pel  for  tbs  ocapoilti  band  at  burst  pressure  (kf.  bquetloa  3 
tbs  band  Load  aquation  for  aaaferane  condition* 

2  /19.5* 


<*b  Ab  «  2  rx 


/.  M 


•  -  f  ooa^  0 


I 

- 


Z 

M. 

*# 

(3.1) 


vu  previously  used  (Btf.  Section  III,  paragraph  2.)  la  RaM  1  duicc. 

This  aquation  fives  the  f alleging  result  for  the  Phase  IX  design 

a*  Ab  -  36,569  lbs.  (3.2) 

baaed  on  proof  pressure,  the  stress  in  the  band  is 


<r; 


gSb  jb 

c  P 


(3.3) 


-  83,000  ♦  .0082598  (9  *  10  ) 

“  25,000  ♦  74,329 

-  99,329  P*i 

With  a  np/ng  ratio  of  0.50,  the  band  stress  at  burst  condition  becomes 

crl  •  gP_  -  99.329  -  198,658  psl  (3.4) 

«f/«B  0.5 


N.S.  -  200000 
198,658 


1  »  .01 


Substitution  of  toe  above  value  in  Equation  (3.2)  yields  a  rttniinu 

cross  section  area  at  burst  condition  of 

a£  -  36^569^  _  -  0.1840  eq.  in. 


(3.5) 


b.  Class  XU 

The  following  properties  apply  to  the  large  sages  nt  of  tbe 
Class  ZH  vessel: 

6  AZf»4?  «  -  seall  aaterial 
8-901  Fiber  Class  -  band  aster ial 
F  -  73,000  pal 

-a 
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-  0  5 

t  (mUtl)  •  0,07®  Us. 
i  (vtaUn)  ■  O.Q73  Is. 
f/F  -  (3-95  ♦  .657  0) 

pb  -  gUgalgJL  -  (o.^ .gss^ap)  •  29*  »*i 

if  -  (i  -  a)/®*  ♦  O.OOt 

£  f  -  Ql«  *  .7/  «*-  if]  *  io”3  +  o.ooe 

£gfc  -  0.006s  $8® 


bond  prMtrui  (F  )  of  25,000  yil  h  nqstni  In  untar  not  to 
oltixats  tana  11*  allosuabls  for  tlx  ocnpealt*  (Ilaf .  Equation  3.13). 


■  band  load  aquation  fur  tkla 
.  61© 


la 


«von  substitution  and  ifltagration  jrtelds 

jyt  At  -  39.703  lb*. 


on  proof 


,  tM  atraa*  in  tlx  band  in 


8b 


»  £5,000  ♦  .0082588  <9  *  30~> 

•  25.000  ♦  7%*329 

•  59*329  P*i 
with  tin  straus  at 


a  0  (3.6) 


(3.7) 


(3.8) 


Cr\  -  9g«j»9  -  196*65®  pal 


(3.9) 


m 


Substitution  of  this  vmlus  into  Equation  (3.7)  yields  a  required  area  for 


^hc  SMr\ |V  H^iuvug  Wi 


An  -  22UI03  -  ,200  sq.  in. 

°  lPTw  M.S.  -  .01 


(3.10) 


Ihe  small  segment  design  is  governed  by  the  following  conditions: 
6AL-4V  Ti  -  shell  material 
S-901  Fiber  Olass  -  band  material 
Fe  *  25,000  Dai 
rip/rip  *  0.5 
t  (nominal)  -  0.055 
t  (minimum)  *0.05 
f/P  -  (3-95  +  .$57  0) 

P_  *  2  t  (aln)  <?6  -  0.1  (168,000)  -  26l8  psi 

B  R  5.9615 


c  Sb  -O'?  (1  -  U)/E  +  0.002 

P  1 

£  Sb  m  (152  x  .7/17)  x  10  +  0.  .02 


.0082588 


The  band  load  equation  yields 
46.6° 

2  (  r  .  „ 


ab  *b  *  1* 
A  2 


/~  (  y  +  *2 

0  [_  r2 


)  f  Cos  0  -  f  Cos  0 


(3.11) 


«  25,19:  lbs . 

The  stress  at  proof  pressure  is 
*b 


(3.12) 


99; 329  psi 


WiyFfiV 


AJfBijPB  I 


,9f  ,m  asgL  mama  am 

The  efficiency  index  indicates  a  comparison  batuttn  different  vessels. 

The  variable*  pressure,  voluae,  sad  vetgtrt  defiua  the  lodes'll.  Tbs  approxi- 
snte  values  for  these  variables  are  given  in  the  equations  as1 follows : 

(1)  Vol.  »*rV3  [3  (l  +  sin2at)  ♦  cob2  «]  cos  #c 


y  m  (r  since  ♦  t/sin  ct  V*"  /%) 
where  the  cross  section  area  is  given  as 


Weight  of  Bank  •  2*y  Apb 

yb  .  (2«f  b)  (afjj  tS  R  cosdcsinac)  <R  •loot  +  t/sinoc  4#*  /2> 


weight  of  shell  (w8)  - 4* (r  +  t*/a)2  t*p*  coset) 
letting  P  •  a(t*  fj/p.) 
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oc)(oo»ec 


Bimini  foroM  in  radial  direction  u  ihovn  by  arrow ,  equillbrlu*  ra 
qulraa  that: 

(P  -f )  (y/eoa  0)  (d  A  )  (r*0) 

+■  sB^  (sin  40/8)  (y/ooa  0  d  X  )  (1) 

(ala  iJS/t)  (nl#>  U>  •  0;  and 


A  — coat  neasbrsne  condition  is  that  the  kapattol  iti*M  he  equal  to 
ths  elrmahrutli i  ■  •-»)*  ub  ■  tl  t  u  ti  or.  af  this  oondltlm  into 

equation  (l)  yields:  ^  w' 


(5)  (P  -  fi  m  Mr  tcamd  h  *  l/r) 

'*'•  '  »  »  ’  ‘  ' 

Comparing  equation  (4)  and  (5),  ths  two  aquations  are  slailar,  theref«% 
showing  the  validity  of  the  derivation. 

A  final  condition  for  nssbrane  stress  is  for  the  tangential  stress  to  he 
Ig  »  IH/ 8.  the  result  of  substituting  this  value  in  equation  (5)  is: 

(P  -  f)  -  P/2  [-R/r  4-  R/y  (cos^)] 

P  |l  -  l/a  [-H/r  ♦  R/y  (coe  ^  |  *  f 

f /P  »  1  -  1/2  ( -R/r  f  R/y  cos  ^  ) 

8ubstitutuion  of  equation  (3)  for  y  yields: 

(6)  f/P  •  1  -  l/2  (  -R/r  +  R  cos  ^  /  (R  -  r)  sin^  -  r  coa  fd  ) 

But  aln •»  y/r. 


f /P  •  1  -  1/2  (  -  R/r  +  R  eos  #/(R  4  r)  Y/R  •  r  c  o»  ^ 
(7)  f/P  -  1/2  £2  4-  l/(r/R)  -  coat  #/t/R(l4r/R)  -  r/R  cos  4  ] 


DI8CUS8IOI  or  "RTS"  DIGITAL  CONFUBR  SOURIOS 


1.  fteisaners'  (Ref.  6  )  first  order  Linear  approximation  to  the  closeloal 
theory  of  thin  elastic  shells  of  revolution. 


Re faring  to  Figure  1  let  the  position  of  a 
deforced  middle  surface  be  given  by: 


£  m  ♦  7 

£  -  Eo  ♦  v 


material  point  of  the 

(4.1) 


■where  7  and  7  are  the  components  of  displacement  in  the  8,  Z  coordinate 
directions,  respectively,  and  Kq,  £  is  the  position  of  the  point  in  the 
undeformed  configuration.  In  addition,  let  denote  tba  difference  between 
the  snglee  of  the  tangent  to  the  deformed  and  undafoxmed  surface  at  the 
same  material  point. 

W  -  ♦„  -  F  (“-S) 


Finally,  let  f  (meridional)  and  #  (circumferential)  denote  tha  principal 
lines  of  curAture  of  the  middle  surface  Figure  2.  The  shell  la  assumed 
to  remain  rotatlonally  symmetric  about  the  Z  axle  so  that  all  parameters 
must  be  taken  as  functions  of  »  alone.  Barometers  which  ere  utilised  in 
subsequent  discussions  are  ld&tifled  below. 

s  -  AVERAGE  COEFFICIENT  (ACROSS  THICKNESS)  OF  THERMAL  EXPANSION 
T  -  TEMPERATURE  CHANGE  FROM  AMBIENT 

C  -4E* 

o  -0 -•r)*' jj, E d £ 

NT-ii,EeTdC 

Mr-^EsTC^ 

PH  -  HORIZONTAL  PRESSURE  COMPONENT 
V  -  VERTICAL  STRESS  RESULTANT 


Subject  to  the  prescription  of  the  faregoing  parameters  the  two 
simultaneous  differential  equations  which  determine  the  equilibrium  state 
In  the  RIB  routine  are; 


SINGULAR  PT 


Z 


FIGMt*  1  RfdOMS  OP  ANALYSIS 


PtGURI  ft  WILL  ELBA  BIT  STRAINS 


„..(£L  .  ,i>  .  ,43  '«■  .JT 

"  fir  r  w  ,B 


.00 


S'- 


B 


-  1/2  (2 
a 


Mnr*  y  .L-.  /Tar- 

K  S 


vt»r* 


if  -JL. 

v  itn 


R«CP, 


■  *  *"*'  •  I^T1) 


•*£■  (ty+  rrz) 


tkm  prlM  diwoli  dimiaHUllOi  vlU  myirt  to  tbs  overt 
<*mt  x  U  tba  La—'  ymartor  oooNetUi  Ut  —rldloanl  «ro 


(•ti*.  u.*  .(«•)* 


I'  metOomf,  T  oflCilsf 


(4-7) 


(4.6) 


81am  tfa*  fUit*  diffotwiM  t*cbaiqu«  actually  wpl'T*  f  m  Morilntt*, 
tha  law'  para— tar  la  arfeit mry,  L.*.,  a  seals  factor.  Ia  particular. 


Drag  the  solution*  of  Iqiatlooi  4.3  and  4.4  on*  cu  detemlae  tbs 
stress  aad  eoupl*  rssultaats,  stresses,  strain*,  aad  dlapl aaawaU  at 
points,  J  ,  c*»  tin  Kiddle  surface  by  naans  of  tbs  following: 


■j  *  f  '* v>]  * 

s  .i  (v3> y.w-.^ 

«  .^Fl;  vs’ijfr  .i  (5  *)J 

“j  • 

"•  *  i  (-r*-  *  H“r' )  *  rh;  * 


(4.9) 


(4.10) 


(4.11) 


(4.ia> 


(4.13) 


°i  ("r  (»•> 

%  -  k  r^*8  (■•  ♦  m  ♦  -t  (i«#  ♦  Mj)  -  5^1,  (4.] 

4  -H  L  c  D  1  "O 


l j  *  i  -  ^*5  )  ♦  fit  t , 

<4.j6) 

E*  •  “  -f^jp)  ♦  **» 

(4,17) 

0  -  (I/C)  {««  -  T  »y  +  1^), 

(4.18) 

w  -  /"pt'/c)  (»|-  -  if  1#  t%)-a^]d|r  , 

(4.19) 

where:  (mm  Figure  J) 


Mjt  •  Mf 

Q 

*f,  *C 


meridional  and  circunfsreatial  strew  resultants 
ihMr  itnn  resultant 

meridional  soft  circuetf*r*ntla)  couple  resultants 

Meridional  and  c irevskf ereot ial  stress  as  in  function 
of  distance ,  ,  frese  aid  die  surface . 

Meridional  and  c  Ire  unfe rent ial  strata  correspondir^ 

to  ^  ,  OJ  ,  anA«CT. 


In  thfc  present  application,,  only  slug!*  layered  shells  at  uniform  ta^pera- 
uirH  ar«  considered.  Sssce,  ill  tgggwtg;  t*™  vanish  from  the 
equations,  the  middle  surface  le  the  geometrical  middle  surface  (i.e,„ 

t  h/8  to  extrema  fibers) ,  mad 


C  »  E  h,  &  m 


x  r 


is  (1  ~^a) 


(4.20) 


The  hand  to  shell  compatibility  condition  le  an  analytical  exprewion 
•quatiag  the  dlspisoamat*  of  the  baud  and  shell  underlying  the  basal  at  all 
preasxsvs,  Shear  strength  betvwo  band  9XW1TA  normal  to  the  shell  surface 
Is  assumed  to  be  snro.  This  assertion  decrees  that  (row  notions  of  the 
bend  acd  shell  are  compatible .  The  approach  of  this  analyses  Is  to  equate 
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FIGURE*  SMELL  ELEMENT  STRESSES 


FIGURE  4  NODAL  BA hV  GEOMETRY 


the  incremental  radial  displacement*  of  the  tend  „o  these  of  toe  middle 
surface  of  tba  shall,  at  tte  low  point .  A,  of  the  node  (Figure  k). 

Letting  n  and  *  denotes  the  redial  positions  of  points  in  the  tend  and 
shell  middle  surface  ad.lacent  to  point  A.  The  compatibility  condition  in: 


-  J?> 


(4.21) 


meats,  v*  see  that  (4.21)  ie  equivalent  to 

&  us  -  £ub 


But  since 


8  E™  b 

U  Se —  U 


_s  > 


C,  Ab  b  .  S 

«  V" '  “  R° 

Ro 


(4.22) 


(4.23) 


One  can  e 
shell  and 


express  the  cornet lbi It v  relation  in  terms  of  the  circumferential 
d  tend  strains  at  point  A  .  as 


seg-uf3 


(4,24) 


or  simply 


£  Ab  c  AS 

-  u 


(4.25) 


where  (€q)  la  a  prestrain;  that  Is,  (£g)  is  independent  of  the  shell 
pressure  (P).  Obviously,  both  Equation  (4.24)  and  (4.25)  siust  hold  for 
any  value  of  pressure  up  to  failure. 

In  general,  the  Interaction  of  the  band  and  shell  can  be  replaced  by  a 
rotat tonally  symmetric  distribution  of  normal  stress,  fr  ( f  )  and 
shearing  stress  fr  (f  ).  However,  since  the  compatibility  relation 
(4.25)  equate*  only  radial  displacements  et  a  single  point,  only  the 
resultants,  H  and  T  of  these  stress  distributions  are  determinate: 


•{*$  'T*J  ff  </> 


(4.26) 


The  shear  stress  resultant,  T,  arises  from  a  tendency  of  the  band  to 
»  i  out  of  the  node.  The  condition  can  be  neutralised  ( i.e . ,  one  can  set 
0)  by  designing  the  band  node  interface  such  that  the  extremities  of 
the  tend  (L,  K  of  Figure  )  are  at  equaOL  distances  from  the  axis  of  the  shell. 
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This  m  Adopted  m  om  of  the  design  criteria. 


The  noxml  stress  resultant,  S,  represents  the  constraint  of  the 
band  against  radial  displacements  of  the  shell  and  nay  he  regarded  aa  a 
function  of  the  internal  shell  pressure  (P).  It  follows  that  far  snail 
variations,  %  p,  one  can  writs 

(*.27) 


Sense,  from  equality  Equation  (4.24),  hand  shall  compatibility  lnplies 

off  •#) 


If  the  problem  in  linear  in  a  range  P  S  P  £.  p  ,  then  the  influence 
coefficients  1  * 


(4.29) 


depend  only  on  the  normal  stress  distribution,  f *  (  W  ) ,  and  the 
coefficient  7  1 


ia  a  constant.  In  the  present  analysis,  it  is  assuatd  that  the  normal 
stress,  f  £  (f  ),  Is  uniformly  distributed  across  the  hand -node  interface. 


f  £  (J  )  •  f  -  const.  (4.30) 

This  assumption  is  Implemented  by  adopting  aa  a  design  criteria  the 
head  shape  illustrated  ia  figure  4. 

With  this  last  assumption,  one  oan  write  Equation  (4.26)  in  the  form 

*;*££?  +  1  -  £fr>  <•*•»> 
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,  in  98Brt>nt««  Thar* fora,  tin  bud 
•ball  coapatibility  relat Ion  in  tha  linaar  caa*  can  ba  vrlttan  aa 

f ««  -  f  <v .  [i£/(g£  ■  ££)]  (p  -  PA)  (*■! 


Thia  la  tha  fora  of  tha  aquation  of  compatibility  that  la  uaad  in  thla 
analyala. 


X76 


Setting  tbs  eleaent  In  equilibrium  and  eunsing  forcet  in  a  radial 
(+  H  )  direction  yields : 


P  £  (dA)  (riff) 

cot  9 


(«l&  _  )  dA)  (1) 

2 

-  8  (sin  ~  )  (rdf)  (1)  -  0 

•  a 

Pry  -*■  Kj  y  -  I^r  cos  0*0 
(1)  Pry  «  ooe  0  -  If  y 


Also,  the  stall  insists  a  borlsesUl  fores  equal.  to  the  gnuuit  tiara 
tb»  eras*  -  ijutiwi  rata* 


Pfy*  •  Sg  era  0  a#  y 

(a)  h  -  y* 

Boos  0 

Substituting  ms  value  of  Kj  into  (l)  yields 
Fry  •  l^r  cos  0  - 

2eos  0 


P  ry  »  Hr  cos  0  -  — . - 

9  2  cos  0 


P(ry  + - — -  )  -  !Ur  eo#  0 

2oos  0 

Py  (  r  -f  — i — W  HLr  cos  0 
2c os  0* 

,.y  (r+E&7) 
r  cos  0 


(3)  ^  .  -tt-  (  1  *  — 1— 

sos  0  areos  0 


Ths  jtrese  in  tbs  shell  if  aushrmne  conditions  existed  would  be 
(ft)  *  S  •  Using  this  ■nabrane  stress  equation  to  norsalise  tbe  st 
that  exist,  tbe  amplification  tor  the  mrldisn  stress  A,  becosws 


W  Aj 


*f  ** 

a  .  sear 


■  y 

Moos  0 


But  y  «  (R  4  r)  sin  £  -r  cos  0 


Therefore 


But  sin  •  y/R 


Af  -  (1  r/R)  XZlL  -  r/R 
*  COS0 

And 

1 

(5)  Aj  -  (1  r/R)  (Y/R)  (S5i0)  -  r/R 

Similarly,  the  circumferential  amplification  factor  becomes 
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Phase  II  of  the  Segmented  Sphere  Pro  sure  Vessel  (S3FV)  Study  will 
consist  of  •  combined  fabrication  end  quality  certification  effort  consisting 
of  performance  of  the  following  general  tasks. 

a.  fabrication  of  such  tools  as  are  required  to  support  fabrication 
of  date  11  configurations  not  previously  attempted  and  modification  of  exist¬ 
ing  tc*  ling  based  on  knowledge  gained  during  the  Phase  I  -  Engineering  De¬ 
velopment  portion  of  the  subject  program. 

b.  Fabrication  of  one  each  of  three  specific  classes  of  pressure 
vessels,  as  represented  by  the  detailed  drawings  of  the  Appendix,  will  be 
performed  In  accordance  with  the  detail  specifications  of  the  engineering 
design  as  contained  therein. 

c .  Maintalnance  of  control  over  the  quality  of  the  manufactured 
hardware  by  the  use  of  in-process  inspection  and  final  acceptance  teat  pro¬ 
cedures,  and  maintalnance  of  permanent  records  certifying  that  this  hard¬ 
ware  meets  the  requirements  of  the  detailed  engineering  specification. 

2.  MANUFACTURING  PROGRAM  SUMMARY 

Manufacture  of  the  three  classes  of  segmented  sphere  pressure  vessels, 
as  described  In  the  Appendix  to  this  document,  will  be  accomplished  as  sum¬ 
marised  by  Figure  1. 

The  Manufacturing  Department  will  perform  all  detail  fabrication,  weld 
subassembly,  and  final  assembly  operations  with  the  exception  of  the  explo¬ 
sive  forming  and  ch*m -milling  operations. 


The  c  hem -milling  operation  on  the  domes,  segments*  and  interconnect 
rings  will  be  performed  as  a  vendor  operation.  The  explosive  forming  opera¬ 
tion,  after  the  blank  has  been  placed  into  the  explosive  die  and  properly 
set  up,  will  be  performed  by  the  M3D-T  Rocket  Propulsion  and  Pyrotechnics 
Test  Laboratory. 

The  Quality  Control  Department  will  be  responsible  for  and  perform 
receiving  Inspections  on  sll  incoming  materials;  in-process  dimensions!, 
X-ray,  and  florescent  penetrant  inspections;  and  final  inspections  prior 
to  delivery.  In  addition,  Quality  Control  will  verify  performance  to  spec¬ 
ification  requirements  of  all  processing  and  will  witness  and  verify  ade¬ 
quacy  of  testing  for  final  acceptance  of  the  pressure  vessels. 

3 .  TOOLING  REQUIREMENTS 

The  following  Is  a  detailed  description  of  the  tooling  which  will  be 
used  to  accomplish  the  requirements  of  this  plan. 
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Explosive  Tom  Die  for  12  Itxh  Cylindrical  Segments 


«a  *  1  ua 

A  USM  V t  k. 


rcsTBs  die  is  the  tool  for  fensi""  *h?  io" 
’‘hourglass"  shaped  cylindrical  segment  which  Is  th«T  prlmsrym^uleof  the 
segmented  sphere  concept  as  developed  under  this  program  to  date-  It  con¬ 
sists  of  a  steel  split  die  which  is  configv.red  interim  lly  to  the  final  ex¬ 
ternal  dimensions  of  the  desired  module.  The  split  die  is  externally 
tapered  to  mate  with  an  internally  taperel  steel  cylinder  which  retains 
the  oplit  die  during  the  explosive  operation.  A  set  of  end  plates  which 
oolt  to  the  steel  cylinder  are  used  to  apply  a  compressive  loading  on  the 
seam-welded  cylindrical  part  blank  in  order  to  relieve  the  biaxial  strain 
condition  which  Is  produced  within  the  peurt  when  the  explosive  charge  Is 
detonated. 


b.  Hemispherical  Dome  Draw  Form  Dies 

Two  former  hemispherical  cold  draw  form  dies  of  12  and  17  inch 
diameters,  modified  for  use  on  this  program,  will  be  used  in  a  Danley  500 
ton  triple  action  press  for  forming  the  hemispherical  deem  details.  These 
dies  consist  of  a  male  form  punch,  a  draw  ring,  and  a  bolatar  for  obtain¬ 
ing  the  necessary  draw  pressures.  The  12  inch  die  wae  modified  twice  dur¬ 
ing  Ptu.se  X;  once  for  conversion  to  hot  farming  mw*  the  second  time  for 
accommodating  three  j/ 16  inch  thick  steel  cover  plates  over  the  titanium 
sheet  for  the  purpose  of  reducing  the  effective  diameter  of  the  draw  ring 
during  early  stages  of  the  draw.  The  1?  inch  die,  used  during  Phase  1 
for  cold  forming  17-7  steel,  will  be  modified  for  hot  form  usage  on 
titanium  during  Phase  II. 

c.  Veld  Joining  Tooling 

The  toolirg  used  in  the  welding  operations  consists  of  copper 
chill  bare,  cooling  blanks  >  for  protection  of  the  filament  'wound  noual 
bands,  and  restraining  pla.,>s  for  supporting  the  parts  on  the  positioner 
during  circumferential  weidl^r-  This  woollsx  Is  adequate  for  performance 
of  the  various  welding  operations,  but  is  uncontrolled  and  of  the  "shop 
aid"  type  (not  production  rate  quality}. 

d.  Interconnect  Band  Stretch  Form  Die 

A  steel  one-piece  die  will  be  used  for  forming  the  interconnect 
band  for  the  Class  III  pressure  vessel.  This  die  wILl  be  used  on  a  Huff  card 
Stretch  Pom  machine. 


Nodal  Band  Mold  Fixture 


This  tool  is  comprised  of  two  steel  fences  which  constrain  the 
nodal  band  filaments  to  the  desired  configuration  during  the  winding  pro¬ 
cess.  These  fences  are  each  made  in  four  100*  segments  which  are  bolted 
together  in  a  staggered  fashion  and  restrained  in  position  by  studs  which 
tie  to  an  external  frame  which  in  turn  supports  the  shell  in  place  cm  the 


lutht  -  A  nibbtr  iUktt  la  d1am4  hrttth  fanr*  tn  jraygnt;  r»*i5  ’»"* 

filaments  fro*  flowing  beneath  the  fence.  Silicon*  spray  treatment  of  th* 
fence  prevent*  tba  'eein  from  sdheriag  during  tba  cure  process. 

4.  MANUFACTURIHO  OFBRATICHS 

Tba  following  pee  sent  a  dated  led  da  script  loos  of  individual  smnufac- 
t urlng  operations  which  will  be  performed  in  satisfying  the  requirements 
of  this  plan.  These  operations  are  approximately  identical  for  each  in 
dividual  pressure  vessel  configuration .  where  significant  difference 
exist*  in  the  Banner  in  which  a  given  operation  is  perforaed  on  individual 
vessel  conf Iguratioas,  specific  note  of  this  circumstance  is  taken. 

Tbs  sequence  of  these  operations  as  they  are  performed  on  individual 
detail  parts  and  assemblies  is  shown  pictorially  by  Figure  1  preceding. 

a.  Shearing  Operation 

Tta®  titanium  sheet  aster 1*1  free  vhich  the  pressure  vessels  are 
to  be  famed  will  be  rough  cut  to  the  necessary  blank  else  on  a  Cincinnati 
sheer.  This  operation  will  produce  rectangular  blanks  for  forming  the  ex¬ 
plosively  formed  cylinder  blanks,  circular  blanks  of  30  and  20  inch  di¬ 
ameter  far  the  17  and  12  inch  diameter  draw  formed  hemispherical  denies, 
and  the  anil  rectangular  blanks  for  the  stretch  formed  interconnect  band 
segments. 

b .  Draw  Forming 

The  draw  forming  operation  for  fabrication  of  the  xj  and  12  inch 
diameter  hemispherical  dames  will  be  performed  an  a  Osnley  Triple  Action 
Press  of  500  tons  capacity.  The  hemispheres  will  be  hot  farmed  using  the 
form  dies  as  described  urxler  ’Tooling  Requirements."  Prior  to  placement 
in  the  draw  die,  the  titanium  blanks  and  three-3/16  inch  steel  plate* 
equivalent  in  diameter  to  the  titanium  blanks  will  be  heated  to  1000*F 
in  a  portable  oven  located  adjacent  to  the  press.  The  puipose  of  the 
steel  plates  is  to  inhibit  the  formation  of  buckles  in  the  hemispheres 
during  the  forming  operation  by  acting  as  staging  dies  fvr  the  draw  ring. 
Using  torches,  the  punch  will  be  heated  to  1C50-1100*F  and  the  draw  ring 
to  1250-1300’F  prior  to  commencing  tbs  operation.  The  three  steel  plate e 
will  be  placed  on  top  of  the  titanium  blank  in  the  die  and  the  press  will 
be  placed  on  top  of  the  titanium  blank  in  the  die  aud  the  press  will  be 
stroked  in  intervals  of  l/3  and  l/2  the  stroke  distance  required  to  com¬ 
pletely  form  the  done  with  one  steel  pl»te  being  removed  at  -be  end  of 
each  stroke  interval.  The  third  steel  plate  will  remain  with  the  titanium 
through  the  third  and  final  stroke. 

c.  Roll  Forming 

This  operation  is  for  forming  the  titanium  cylindrical  blank  for 
the  explosively  formed  module  and  will  be  performed  on  a  Farnhaa  open  end 


i;.  -hr*-*  !’Ar*t  r*»i)  «  ,  .  -*  ,»-■<  »«  obtain  the  necessary 

pre-fors  rf  the  r»r **1^  ,aj  *fiee*.  f  ~*  starting  _t,  the  roll.  The  sheet  will 
be  f  *«->  oiled  to  a  slightly  burger  liamettr  than  la  required.  Subsequent 
to  an  annealing  process,  the  detail  -ill  be  finish  rolled  to  the  required 
diameter.  Still  later,  after  the  part  hae  teen  welded  Into  a  complete 
cylinder,  a  third  rolling  operation  will  be  performed  for  the  purpose  of 
straightening  the  part . 

d.  Welding 

Tungsten  Inert  Gas  (TIG)  welding  is  typically  used  for  Joining 
of  the  titanium  details.  Hand  welding  will  be  performed  in  Joining  the 
interconnect  band  details  and  installation  of  the  fitting  bosses  in  the 
completed  pressure  shell  assemblies  and  automatic  TIG  welde  for  all  other 
Joints.  The  longitudinal  weld  which  is  used  to  close  the  cylindrical 
blank  for  tne  explosively  formed  module  will  be  performed  on  the  Welductlon 
Automatic  TIG  Welder.  Copper  bar  heat  sinks  will  be  placed  adjacent  to  the 
weld  area  in  order  to  reduce  the  heat  affected  area  in  the  parent  material. 

Circumferential  welds  will  be  perfumed  on  the  Sciaky  Automatic 
Positioner  TIG  Welder.  A  constant  flow  inert  gas  purge  will  be  used  in¬ 
ternal  to  the  shells  on  all  of  the  latter  type  of  weldB.  This  flow  will 
be  regulated  in  order  to  prevent  weld  blowout,  incomplete  penetration,  or 
internal  contamination  of  the  weld.  Trailing  shields  will  provide  a  flow 
of  inert  gas  to  the  external  portion  of  these  welds  in  order  to  protect 
the  weld  from  contamination  until  the  weld  has  had  sufficient  opportunity 
to  cool.  Coiper  chill  bars  will,  in  this  case  also,  be  placed  adjacent 
to  the  veld  far  reduction  of  the  parent  metal  heat  affected  zone. 

Inspection  of  the  fitup  of  the  parts  to  be  welded  will  be  made 
and  the  welding  operation  allowed  to  proceed  only  when  parts  mate  within 
tolerance. 

e.  Cleaning  and  Grinding 

Cleaning  operations  will  he  performed  prior  to  heat  treat,  weld¬ 
ing,  and  f lore scent  penetrant  inspection  operations.  Grinding  operations 
will  he  performed  for  the  purpose  of  fitting  up  details  prior  to  weld 
Joining  and  for  cleaning  up  welds  prior  to  X-ray  inspection  or  weld  repair . 
This  operation  will  be  performed  using  a  hand  grinder  and  visual  observa¬ 
tion  of  the  work  piece. 

f .  Annealing  and  Vapor  Hcneins 

In  order  to  relieve  induced  stresses,  the  formation  of  which  is 
inherent  in  the  forming  operations,  annealing  of  the  titanium  details  and 
assemblies  will  be  performed  as  intermediate  steps  throughout  the  explo¬ 
sive  farming  process  on  the  12  inch  diameter  cylindrical  module  acl  sub¬ 
sequent  to  all  other  forming  operations.  Annealing  will  be  performed  in 
a  retort  continuously  Inert  gaa  purged  to  a  minus  8o*F  (or  hotter )  dev 
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point  rending.  The  Inert  gas  atmosphere  is  necessary  to  avoid  contamlnat Ion 
of  the  material  during  t!  ■  heat  treat  process.  Vapor  honelng  will  lie  per¬ 
formed  co  all  titanium  paj  ca  prior  tc  heat  treatment  operation  in  order  to 
reduce  the  contaminate  level  In  the  retort  and  subsequent  to  heat  treatments 
to  remove  heat  treat  scale  and  residue  prior  to  florescent  penetrant  Inspec¬ 
tions. 


g.  X-Ray  Inspection 

X-ray  of  details  and  assemblies  will  be  performed  for  the  purpose 
c,f  detecting  cracks  in  the  material  or  welds  after  forming  operations  and 
porosity,  cracks,  and  inclusions  in  welds  after  welding  operations.  This 
Is  the  primary  non-deatructlve  means  of  ascertaining  quality  of  manufacture 
of  welded  details  and  assemblies.  A  secondary  means  which  will  be  used  for 
determining  whether  or  not  surface  cracks  exist  in  or  about  a  weld  is  the 
floreacent  penetrant  (Zyglo)  inspection  technique.  This  technique  will 
always  be  used  prior  to  X-ray  of  a  part  and  the  results  of  both  techniques 
applied  to  evaluation  of  the  part  for  acceptance  or  rework. 

h.  Inspection 

Insnection  operations  of  a  general  nature  will  also  be  performed 
to  ensure  acceptable  quality  hardware  for  delivery  and  test. 

Incoming  raw  materials  will  all  undergo  an  inspection  upon  receipt. 
Shipments  of  titanium  sheet  and  bar  stock  will  be  checked  to  ensure  that 
vendor  documentation  certifying  the  chemical  and  physical  properties  of  the 
material  accompanied  its  shipment.  Samples  of  the  material  will  be  taken 
and  subjected  to  physical  properties  tests  as  a  check  against  the  vendor’s 
conformance  to  the  specification,  and  visual  and  dimensional  inspection  will 
be  performed. 

Proof  pressure  tests  in  accordance  with  engineering  requirements 
will  be  performed  on  all  completed  pressure  vessels  to  ensure  structural 
deficiencies  resulting  from  improper  manufacture  do  not  exist  and  that  the 
vessel  is  of  acceptable  quality.  A  final  end  item  inspection  will  be  per¬ 
formed  on  each  test  article,  before  and  after  proof  test,  consisting  of 
visual  inspection  to  verify  compliance  of  the  hardware  with  final  assembly 
drawing  dimensional  tolerances,  finishes,  etc. 

i.  Trim 

The  trial ling  operation  is  typically  a  machining  operation  in  which 
au  unfinished  detail  part  having  been  formed  rrcm  a  rcwgn  cut  blank  i»  cut 
♦  a  final  d«~- Trim  pT-^ratio""  all  parts  will  be  rmrfarmed  on  a 
Lodge  and  3hiy, „  L.uhe  with  »  9  inch  Mia*;.  *Tiaaxy  dime**:'  >.3  ox 

to  be  exercised  in  this  operation  will  be  with  regard  t.o  diameter  at  the 
trim  line.  Detail  parts  will  be  trimmed  to  match  adjoining  part* 
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J .  Explosive  Form 


The  12  Inch  diameter  cylindrical  module  for  CIaimi  1  end  11  pres¬ 
sure  vessels  will  be  explosively  formed  from  a  11.17  inch  diameter  cylindri¬ 
cal  blank  using  the  explosive  form  die  described  in  paragraph  3 -a .  The 
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bolts  securing  these  plates  torqued  (100  ft.  lbs.  for  initial  firing,  60 
for  subsequent  shots)  to  obtain  the  requirea  preload  on  the  blank.  A  vacuum 
will  be  applied  between  the  cylinder  blank  and  the  wall  of  the  forming  die, 
fhm  (jvpXoslv?  charge  pi.ECE<i  in  t-l?E  End  t-hs  cut- ire  unit  in  t&s 

water  of  the  explosive  farm  tank.  The  cylinder  will  be  expanded  to  drawing 
dimensions  in  three  successive  shots  with  the  cylinder  being  removed  from 
the  die,  re-annealed,  and  inspected  between  each  shot. 


k.  Stretch  Form 


The  interconnecting  band  segment  details  will  be  hot  stretch  formed 
on  a  Hufford  Stretch  Form  machine  using  the  modified  die  as  described  in 
paragraph  3 -d-  Heat  for  thl*  forming  operation  will  be  applied  to  the  part 
by  use  of  a  welding  resistor  secured  to  each  end  of  the  stretch  form  blank. 
Temperature  control  will  be  accomplished  by  use  of  a  thermocouple  placed  on 
the  blank. 

l.  Wind  Filament 

The  fiberglass  nodal  band  will  be  filament  wound  on  the  12  inch 
diameter  titanium  cylindrical  shells  using  a  Lodge  and  Shipley  lathe  with 
a  9  inch  swing  and  an  electromagnetic  clutch  filament  tensioning  device. 

The  nodal  band  fence,  described  previously,  win  be  used  to  constrain  the 
filaments  to  drawing  configuration  during  winding  and  cure.  The  nodal 
bands  on  the  Class  III  pressure  vessel  will  be  wound  without  constraining 
tooling  and  will  be  machined  to  engineering  configuration  subsequent  to 
the  cure  operation.  This  latter  band  will  be  wound  in  two  stages  with  a 
cure  cycle  between  each  stage.  The  purpose  of  this  is  to  avoid  accumula¬ 
tion  of  wet  filament  in  sufficient  amount  to  collapse  the  pressure  shell, 
winding  of  the  nodal  bands  on  the  Claes  Ill  vessel  will  be  performed  on 
an  open  bed  lathe  using  the  same  tensioning  device  as  previously  described. 

m.  Cure  and  Machine 

llodal  bands  will  be  in  *p  oven  at  35Q*F  after  winding.  The 

constraining  fence  used  for  winding  the  12  inch  diameter  cylindrical  modules 
Jill  be  left  in  place  throughout  the  core  cycle.  After  cure,  a  relief  radius 
will  be  machined  in  the  outer  perlpnery  of  the  band  on  the  12  inch  diameter 
modules  and  the  bands  on  the  Class  III  vessel  will  be  machined  to  configura¬ 
tion  on  all  exposed  sides.  This  machining  operation  will  be  performed  on 
the  respective  lathes  on  which  the  filaments  were  wound. 
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n.  Chemical  Milling 

The  titanium  pressure  shell  for  each  clas*  of  pressure  vessel  will 
be  etched  chemically  to  a  leaser  thickness  leaving  a  band  for  the  fusion  weld 
Joint*-  Thia  operation  ia  performed  to  bring  the  pressure  vessels  up  to  max¬ 
im™  efficiency  for  the  particular  detail  design  configuration  being  devel¬ 
oped.  The  chemical  milling  process  will  be  a  vendor  operation.  The  selected 
viuuuT  will  mask  and  etch  to  mevt  the  rB^ulrnwiiii  of  the  engineering  ■paci¬ 
fication*  . 


APFTJiDIX  VI 


PHASE  III  DtOVKLOPMKNT  TEST  PIAN 
1.  INTRODUCTION  AND  SCOPE 


The  Phase  III  Tasting  portion  of  the  SSPV  Study  as  defined  herein  is 
an  effort  to  perform  pressure  testing  on  two  classes  of  segmented  sphere 
pressure  vessels,  secure  engineering  data  by  instrumentation  of  the  test 
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design  criteria  generated  in  Phase  I  of  the  SSPV  Study  Program  in  accord¬ 
ance  with  this  data  (if  such  revision  is  necessary). 


DETAILED  PLAN 


Classes  I  and  III  segmented  sphere  pressure  vessels  will  be  subjected 
to  pressure  tests,  the  results  of  these  tests  reduced  and  evaluated,  aud 
the  38 PV  Design  Criteria,  developed  during  Phase  I  of  this  program,  revised 
in  accordance  with  the  data  obtained  from  these  tests. 

a.  Test  Article  Definition 


The  teat  articles  will  consist  of  one  each  of  a  Class  x  ami  ill 
prsssure  vessel  manufactured  in  accordance  with  the  engineering  specifica¬ 
tions  and  the  Phase  II  Manufacturing  Plan.  These  test  article*  will  have 
been  subjected  to  Quality  Control  acceptance  procedures  in  accordance  with 
the  specifications  and  will  be  certified  as  acceptable  quality  hardware. 

b .  Test  Instrumectatioc 

The  test  articles  will  be  instrumented  with  electrical  strain 
gauges  in  order  to  obtain  engineering  information  for  performance  evalua¬ 
tion.  Approximately  six  strain  gauges  will  be  placed  on  each  test  article. 
Two  gauges  will  be  placed  on  <**ch  article  near  the  nodal  band  area  in  order 
to  verify  nominal  computed  strains  for  these  arses.  The  remaining  gauges 
will  be  placed  on  or  near  locations  which  appear  critical  (have  high  prob¬ 
ability  for  Initial  failure)  on  the  basis  of  observations  and  measurements 
made  in  the  in-process  inspections  during  manufacture. 

c.  General  Test  Procedures 

Detailed  test  procedures  will  be  prepared  in  the  form  of  a  Test 
Request  by  SSPV  Project  personnel  for  execution  In  the  M3D-T  Rocket  Pro¬ 
pulsion  and  Pyrotechnics  ?«et  Laboratory.  These  procedures  will  specify 
In  greater  detail  the  manner  in  which  the  follow in*  requirements  are  to 
be  accomplished. 

(l)  The  test  vessels,  minus  hydraulic  attachment  fittings,  will 
be  weighed  and  the  weight*  recorded.  These  dry,  empty  weights  will  be  the 
basis  for  establishment  of  an  efficiency  index  for  each  of  the  two  vessel 
designs. 


180 


{2)  Vo’unotrJc  measurement  of  the  teat  vessels  will  be  made  by 
wigging  the  veaer 1  filled  with  the  hydraulic  pressurizing  fluid.  Hydraulic 
fluid  specific  gravity  determination  will  be  cade  at  the  same  temperature  at 
which  the  weight  measurement  waa  taken  and  conversion  of  the  net  fluid  weight 
to  volume  vi ' 1  be  aornmpl i shed . 

(i)  Both  teat  vessels  will  be  pressurized  hydrostatically  using 
ou  »*r-raft  type  hydraulic  fluid.  Pressure  loading  will  be  applied  in  ten 
percent  increments  of  prsdicted  burst  pressure.  The  vessels  will  be  pres¬ 
surized  until  failure  occurs. 

00  Strain  gauge  readings  will  be  obtained  at  e>  oh  increment  of 
loading  to  failure. 

d.  Test  Data  and  Reporting 

A  test  report  will  be  prepared  by  the  testing  facility  to  illus¬ 
trate  the  test  methods  and  to  document  the  test  data.  Thla  report  will 
Include  the  strain  gauge  information  ard  photographs  which  depict  the  test 
vessels  before  and  after  "est .  Closeup  photographs  of  the  failure  area 
will  be  provided  aud  the  failure  mode  ee^uence  will  be  specified  based  on 
visual  observation  and  the  strain  gauge  information 

e.  Test  Data  Evaluation 

Test  results  will  be  evaluated  to  resolve  differences  between  pre¬ 
dicted  and  actual  measurements.  Pressure  vessel  efficiency  will  be  calcu- 
for  each  class  based  on  weights,  volumes,  and  strength  measurements 
made  in  the  described  procedure. 

The  design  criteria  nrepared  during  Phase  I  of  this  program  will  be 
revised  to  Incorporate  the  results  at  this  evaluation  of  test  data  if  dif- 
fe rente a  which  exist  between  actual  and  predicted  performance  are  not 
reconclliabl*  and  such  revision  is  warranted. 


l.  nrvwriQATicn  or  a  segmented  sphere  concept  for  a  light  weight 

PRESSURE  VESSEL,  J.  U.  Farrell,  Ling  Teraco  Report  00.294,  July  61. 

X.  SEGMENTED  SPHERE  CONTAINERS,  American  Rocket  Socle ly  Reprint 
2428-62,  J,  W.  Farrell,  C.  E.  Howie,  I962. 

3.  MATERIALS  Hi  A  MULTI  AXIAL  STRESS  FIELD,  LTV  Repor4  No.  TRD-TDR-63- 
4094,  Nov.,  63. 

4*  THE  PETS  CODE,  L.  A.  Ney,  ACF  Industries,  Inc.,  Albuquerquo,  New 
Mexico,  Report  No.  ACF-SA-719,  Msy  10,  1965. 

5.  A  DIGITAL  COMPUTER  MErHCD  FOR  DESIGN  AND  ANALYSIS  OF  AX  I  SYMMETRIC 
THIN  SHELLS  SUBJECTED  TO  PRESSURE  AND  THERMAL  EYNIR  >NMENTS,  J .  W. 
Neudeoker,  The  University  of  California,  Los  Al&ncs  Scientific 
Laboratory,  Los  Alamos,  New  Mexico,  Report  No.  LAM3-3083,  Nov  17, 

1964. 

6.  A  NUMERICAL  ANALYSIS  OF  THE  EQUATIONS  OF  THIN  SHELLS  OF  REVOLUTION, 
Radkovslk,  Davie,  end  Boldni,  ARE  Paper  1580-60,  January,  1962. 

7.  ON  THE  THEORY  OF  THIN  ELASTIC  SHELLS,  E.  Reieaner,  Reisaner  Anniversary 
Volume,  J.  W.  Edwards  Co.,  Ann  Arbor  Michigan,  1949,  p.  232. 

6.  STUBS  ANALYSIS  CF  All  SYMMETRICALLY  LOADED  THIN  SHELLS  OF  REVOLUTION 
BY  NUMERICAL  INTEGRATION,  P.  H.  Estes,  Jr.,  Report  No.  ACF-6A-3307, 
Albuquerque  Division,  ACF  Industries,  Inc.,  May  31,  1962. 


UBMAflanrxzD 

Seccrity  CtiMi  fusion 


DOCUMENT  COHTJIOL  DATA  ft&D 

********  tl*9*lfu  lilw  W  *IU«  Aeri.  or  kttitM.  ;  flx  «  Imff  k>n|  «,u*  *>k  itfian  rfw  fk^H  t#  ttokikfla#/ 

04l0iMAtlMC  AC^IWI’T  iCvr$ynr»1m  rnulhot'  fm  eV(l>*>*v  c  LAIIITIC*  ’<ON 

MiMi1*.  and  ipac*  Dl.vl.loo  -  Texas  Unclassified 

LTV  A«ro«?cc#  Corporation  -;  „0(v'  - - - 

Dallas  j,  Texas  75222  ' 


i  nr ^ont  nt ce 


aiuu*  /mil?  &v/iuuaii.un  ur  ^gnuniu  amwit 

PHASE  I  TECHNICAL  REPQHT 

4  rtM  niPTJvf  NOTlS  ■  1  i-f'»  or* if  i»i  •.  h  titr  J.ir  • 

DK.  am  T  *4  *m.  i  U- _ _ 


r»  “i“ *»  a  a  aima  ney\«  V 

UTHOWfSj  tf.ee*  nil ii#  flrtl  i>«m«.  4ri«fi«/> 

Farrell,  J.  V. 


■ 

_j 


«  nteo  at  oi*  t if 

-  Movenlb*r  1967 

•  •  t  ON  ♦  M  a  C  T  on  Q  W  *  K,  T  ».  • 

F04611-67 -C-OOUo 

n  PPOJf C  T  NO 

3056 


7  •  tO’*L  NO  tif  I'i^M  j  J  t>  NfJ  O  F  h  •  M  ■ 

185 _ ^  . 8 _ 

Do  u.i  jina’OH'i  n'A'QNt  numim<5< 

AFRPL-TR -67  *26l 


>6  01K(  .  New  5)  r  A  ny  other  numtitn  fter  may  ko  deal  gn*4 

#11*  rmport) 

_t _ MSD-T  Report  Mo.  00.900 

to  A  V  A  It  AilLITT  t  •«•*»  »;yn  AOTICli  ~  —  « 

This  document  le  subject  to  epeclal  expert  control*  and  each  transmittal  to 
foreign  governments  or  torelgn  national,  nay  be  made  only  with  prior  approval 
of  AFRPL(RPTB/3f?Llf0). 


<  lurri. luiNrmt  noth 

<3  *AO*kOAi*o  wilitaav  activity 

Air  Force  Rocket  Propulsion  Laboratory 
Edwards  ATB,  California  93523 

>»  AMTAACT 

Two  methods  of  .truct orally  analysing  segmented  sphere  pressure  vessels 
were  developed.  The  aethod  referred  to  as  "AHC,"  defines  design  features  to 
provide  a  membrane  stress  state  In  any  degas nted  sphere  system.  The  second 
aethod  adapts  a  digital  cosqputwr  routine  "PETS”  to  solutions  of  the  general 
stress-strain  equations.  Ths  results  of  the  acre  rigorous  but  cumbers cam 
c caput er  solutions  served  to  '.alld&te  the  AMC  aethod  as  a  simple  and  accurate 
design  procedure.  Process  development  studies  and  fabrication  trials  suc¬ 
ceeded  in  derwnrtratlna  good  produclbllity  for  longitudinally  symmetric  and 
toroid*  i  systems .  hove--'*?,  manufacture  of  systems  employing  segments  of 

mixed  dlaamter  was  complicated  by  Inability  to  '  ’  ‘^a*  t**~  standard  shell 
*«wJ- ■  jhsas  iu«d  In  the  co^.taut  disaster  sys i  mm* .  Pressure  tests  on  full 
scale  vessel*  Indicate  actual  stress-strain  condition*-  are  In  conformance 
with  membrane  when ry.  A  design  criteria  was  developed  by  parametric  exercises 
with  aathesnttcal  models.  This  criteria  shews  effects  end  Interactions  of  ths 
many  design  variables.  Dimensioning  formulas  are  explained  and  demonstrated 
by  example  problems. 
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